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Abstract

The standard model of cosmology is based on the cosmological principle, a metaphysical
assumption employed because of its simplifying potential in modelling and purported suc-
cess in matching observations. I critically examine the status and understanding of the
cosmological principle as it is employed in cosmology, alongside its potential of being a
testable hypothesis. I focus on some of the strategies employed by cosmologists to justify
its use, to uncover if the reasoning is effective and if the evidence provided offers enough
empirical support for the adoption of the principle, through the lens of the strongest current
evidence in cosmology, the Cosmic Microwave Background (CMB). I show that, in the
Planck mission, some data processing aspects create circularities, thus disallowing inde-
pendent verification of isotropy, despite the many successful consistency checks. I also
demonstrate that even with the isotropy of the CMB taken for granted it is difficult to in-
dependently show that homogeneity holds without additional assumptions or idealisations.
More generally in cosmology, circularity threats are additionally caused by the issues of fit-
ting, averaging, and idealising observations. Many of the concerns, however, are weakened
with the understanding that cosmological models aim to describe the large scales of the
observable universe and that the historical sciences, of which cosmology is one, place more
weight on explanatory value over testing individual hypotheses. The secondary signific-
ance of testing does not mean that independently establishing the cosmological principle
is not desirable, as it would still lead to significant epistemic gains. This understanding
of cosmology supplements Adrian Currie’s optimistic attitude towards the historical sci-
ences through methodological omnivory — the idea that historical sciences take advantage
of every available method to them —, in order to maximise epistemic gains and Hasok
Chang’s idea of progress being a primarily iterative process. I diverge from Currie in not
arguing for ascribing the same epistemic standing to experimental and historical science
practices in the quality of the epistemic goods they produce, as in the cosmological principle
case, independent testing will put cosmology on more solid epistemic foundations.
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Chapter 1

Introduction

The cosmological principle is a key part of modern cosmology. It is an assumption that
is present in the majority of conducted research, including in the ΛCDM model, better
known as the standard model of cosmology. While there is no precise formulation of the
cosmological principle used by all cosmologists, the general idea of the principle is quite
clear. It claims that on large enough scales, the universe is homogeneous and isotropic,
that is the universe has a uniform structure and looks the same in every direction. The
version commonly employed applies these restrictions only to space and not time, and
weaker formulations only make the claim statistically. In recent years, the validity of
the cosmological principle has been called into question and brought to the forefront of
debates within the cosmological community. While the principle is backed by evidence,
as data collection became increasingly more precise, it has pointed to tensions between the
principle and observations. This has caused physicists to reconsider the available evidence
and propose tests for the principle.

One of the most widely used theoretical presuppositions in cosmology is that we live in
a Friedman-Lemaître-Robertson-Walker (FLRW) universe, where space expands spheric-
ally. FLRW universes are built on a formulation of the cosmological principle, that is only
valid throughout the spatial dimensions but not the temporal. Support for the cosmological
principle comes both from the practice of cosmology, such as through data sets and inter-
pretations based on modelling and simulations, and from specific considerations regarding
the universe, for example, aesthetics. The principle was originally adopted prior to any
empirical support due to its usefulness and aesthetic appeal, as the symmetries it implies
greatly simplify the Einstein equations. This situation has historically almost enforced its
use but has also been a driving factor for cosmologists to search for justifications for it.

From a philosophical perspective, this brings forth an interesting question, because while
today supporting evidence has been brought forward, the embeddedness of the cosmological
principle in the observation and interpretation of data might form a vicious circularity.
When vicious circularities arise in hypothesis testing no genuine tests of its validity can
ever be constructed as the assumptions guarantee the result (Elder, 2023). In science,
we undoubtedly often construct tests based on theoretical presuppositions and use circular
reasoning to explain the results. The theory-ladeness of observations is a well-established
fact in the philosophy of science, however, that does not always mean that theories are
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impossible to test (Brown, 1993). It becomes an issue when the experimental apparatus
depends on some level of its operation on the theory under consideration (Franklin et al.,
1989). Proper calibration with independent equipment can mitigate the issue, as can
ensuring that the apparatus is behaving sufficiently differently from the tested phenomena,
and as such would not hide any discrepancies (Franklin et al., 1989).

These concerns are amplified in the historical sciences because confirmation holism
is an ever-present threat. Holism in the philosophy of science is the idea that hypotheses
cannot be tested in isolation as they are always embedded in a broader web of theories
and assumptions, a problem known as the Duhem-Quine thesis (Duhem, 1954; Quine,
1951). While holism is a concern generally in science, the methodology of the historical
sciences makes isolating hypotheses even more difficult. Historical sciences are not a
unified field, but a disparate collection of disciplines that share certain features, principally
that they make claims about objects in the past from the traces observed today (Currie,
2018). Methodologically historical sciences have been contrasted with the exemplary
scientific practice of experimentation, which has the ability to falsify hypotheses (e.g.
Hacking, 1989). The lack of experimental practices can make the historical sciences appear
epistemically deficient. This is because they amplify the concerns of holism by lacking the
ability of traditional experiments to manipulate the entities involved, resulting in models
with interrelated hypotheses that cannot be independently tested. Several authors, however,
have responded to these claims, analysing the methodology of the historical sciences and
arguing why it can be on par with experimental science (Cleland, 2002; Forber, 2011;
Currie, 2018).

Cosmology is a historical science as it primarily relies on observations from our past light
cone to reconstruct the evolution of the universe and make claims about those past entities.
As a historical science, several characteristics of cosmology suggest that the cosmological
principle might be problematic. The issue of holism is generally tied to circularities in
the historical sciences since the principle under scrutiny is never the only assumption in
a model and thus its falsification, in isolation, becomes a difficult task. The threats of
circularity and holism are amplified by the fact that much of the current understanding of
how astronomical entities behave is model-dependent, because of the difficulty of studying
entities in the full general relativistic context without any simplifying assumptions (Anderl,
2016). Additionally, in astronomical observations, there is no way to manipulate the entities
being studied as astronomers can only observe the past light cone, further limiting the data
that can be gathered and the tests that can be conducted (Anderl, 2016). Lastly, what
differentiates cosmology from other historical sciences, is the uniqueness of the universe
as a physical object of study, as this presents conceptual challenges when one tries to
validate it (Ellis, 2007). All these amplify concerns, as they reduce the number of tests and
independent observations astronomers can conduct.

Despite the conceptual hurdles, cosmologists have constructed several consistency tests
for the cosmological principle and other tests that constrain or rule out alternative models.
An examination of these tests is necessary from a philosophical perspective to establish if
with precise enough data, these tests can be seen as genuinely confirming the principle,
or if the underlying assumptions are guaranteeing the results. Beyond the tests, it is also
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significant to understand how modelling works in cosmology and what the available methods
of inquiry are, as these can decrease the impact of the circularities. The way cosmology
makes progress is a key notion in differentiating both the status and the effects of circularities
on the discipline.

Standard accounts of progress generally tied it to approaching truth or truthlikeness
in a linear evolution. Karl Popper (1959) emphasises the advancement of knowledge
through the corroboration of certain hypotheses and the falsification of the rest. Imre
Lakatos (1970) and Larry Laudan (1978) characterise progress respectively through the
ability to make novel predictions within a research program and through the refinement
and improvement of problem-solving techniques within a particular research tradition.
Philosophers of the historical sciences, on the other hand, tend to emphasise the messier,
indirect, and pluralistic character of progress (Currie, 2018). Pragmatist approaches adopt a
similar tone, such as Hasok Chang (2022), who writes of iterative progress according to the
aims and methodologies of each discipline. These latter approaches provide a much more
substantive way to understand cosmology and they are utilised to show that cosmology is
making progress even in the presence of circularities.

Philosophical work on the cosmological principle has largely focused on clarifying what
the principle means and its application beyond the observable universe. Claus Beisbart and
Tobias Jung have attempted to analyse the principle and explicate its differences from the
Copernican principle, which other authors appear to have occasionally confused (Beisbart
& Jung, 2006). Beisbart (2009) has also discussed the potential of the principle to break
empirical underdetermination of cosmological models, concluding that if not assumed a
priori, it is impossible to substantiate beyond the observable universe. The underdetermin-
ation issue has been highlighted by Jeremy Butterfield (2014), as well, and he has explored
several ways to answer it, including the cosmological principle, but he finds none of them
satisfying. Other authors more recently have even suggested that assuming the cosmolo-
gical principle does not on its own break model underdetermination in cosmology (Ryan,
2024). Minimal work has been done regarding the validity of the evidence offered for
the principle in the observable universe, and it has been done primarily within the physics
community.1 This project aims to begin filling this gap in the literature to examine whether
some of the most important evidence for the cosmological principle suffers from a theory-
ladeness that transforms into vicious circularities and if the principle is untestable because
of holism, while contributing to the larger philosophical literature on the epistemology and
methodologies of cosmology.

The use of principles in physics has a long history. Recent philosophical work on
the role of principles in physics was conducted by Enno Fischer (Forthcoming), who
divided principles into principles of nature, principles of epistemic action, and guiding
principles, which combine aspects from the other two. Principles of epistemic action are
methodological choices that guide epistemic inquiry, such as Occam’s razor. Principles
of nature make claims about the properties of the object of study and have been used
as the starting point for deriving theories historically. The popular success story that is
usually cited in circles discussing the importance of principles is Albert Einstein’s use of

1A review of these efforts has recently been published by Aluri et al. (2023).
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the principle of relativity and the light postulate to derive special relativity, and the addition
of the principle of equivalence to formulate general relativity.2 Lastly, guiding principles
partly fulfil both a descriptive role and a guiding role, by being less well-defined and not
necessarily empirically supported, one example of which is the naturalness principle. The
cosmological principle, in the first half of the twentieth century, was considered a principle
of nature, based partly on observations, and as such set constraints on what was physically
possible in the already-established theory of general relativity. Throughout its history, it has
gradually transformed into a guiding principle with increasingly weaker formulations that
define the domains of interest. In modern cosmology, while it is recognised that the principle
is not a necessary part of nature, attempts concentrate on backing it with observations that
will prove its validity.

In this project, I analyse the strategies used by cosmologists to support the principle
on empirical grounds and uncover if they are viciously circular and as such do not give a
genuine basis for the cosmological principle. Additionally, I examine the effect of these
circularities on the practice of cosmology. The case study of the project is the Cosmic
Microwave Background (CMB) and the purported evidence that is derived from it, as it is
considered one of the most well-understood phenomena in the history of the universe. It
is supplemented with an investigation into the general practices in cosmology, specifically
the dialogue between observational data, simulations, and modelling, through the lens of
making progress. I argue that there is a genuine threat of vicious circularities because of
holism, which makes independently testing hypotheses about cosmological models difficult,
but that cosmology is capable of making progress in other ways. Progress in cosmology can
be understood as a primarily iterative process, as defined by Hasok Chang (2022), which is
achieved by improving model constraints, changing aspects of the standard model in light of
new evidence, and so forth, but also as a process of eliminating alternatives and suggesting
new physics. Moreover, the circularities are not as concerning as in the experimental
sciences because historical sciences value explanatory power over falsifying individual
hypotheses. The lesser significance of testing does not mean that independently establishing
the cosmological principle is not desirable, as it would still lead to significant epistemic
gains and be another form of progress. This understanding of cosmology supplements
the optimistic attitude of Adrian Currie (2018) towards the historical sciences, as they
can make progress, supplemented by "methodological omnivory", the idea that historical
sciences take advantage of every available method to them, in order to maximise epistemic
gains. I diverge from Currie in not arguing for ascribing the same epistemic standing to
experimental and historical science practices, since as I show in the case of the cosmological
principle, independent testing will put cosmology on more solid epistemic foundations.

In order to demonstrate this argument, I first introduce the cosmological principle. I
review how it is employed in cosmology and track its history in the field, to showcase its
embeddedness (§2.1). Subsequently, I present the physics and mathematics of the principle,
to demonstrate the way it simplifies the equations and lay the groundwork for future chapters
(§2.2). In order to deliberate on whether the principle is supported well, an examination
of the ways its adoption is justified is required, within the context of the struggles present

2The counterexample to this story is quantum mechanics.
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in observational cosmology (§2.3). The cosmological principle is often supported using
another principle, the Copernican principle, thus I shortly discuss that principle, as well,
and the grounds for its justifications (§2.4).

The second part of this project is concerned with investigating the way the CMB is
understood and how it is utilised as an argument for the validity of the cosmological
principle. It is important to understand the underlying assumptions that go into interpreting
the CMB. For this, I focus on the latest observational data of the CMB gathered by the
Planck Collaboration and released in papers spanning from 2014 to 2020. I first offer an
introduction to the CMB and an analysis of how the isotropy of the CMB is justified (§3.1,
§3.2). I examine closely the data pipeline of the Planck mission — with a particular focus
on the calibration using the dipole and the component separation using simulations—, how
the isotropy is derived, and the consistency tests performed by the Planck team (§3.3).
I show that despite the success of the tests there still exist some concerns regarding the
verification of the isotropy of the CMB. Then, assuming the isotropy of the CMB I look into
the strategies for arriving at the cosmological principle, primarily through the generalised
EGS theorem and the Copernican principle, and explicate their issues (§3.4). Lastly, I
analyse the various tests that can be constructed with the CMB for consistency on FLRW
models and to place constraints on alternative models (§3.5). I review the assumptions that
underlie both the tests and the reasoning cosmologists utilise and show that they do not
result in vicious circularities but I argue that the tests have limited applicability without
additional assumptions and idealisations. While testing some other categories of models
has largely been a success, tackling the problem of direct and independent verification of the
FLRW geometry through the CMB requires unrealistic idealisations for current cosmology.

Lastly, I examine the scope and limitations of our knowledge in cosmology through
the general issues in cosmology and how the methodology and goals of the discipline ad-
dress these challenges to make scientific progress. Specifically, I begin by looking into the
way averaging, fitting, and idealising observations create further circularities in cosmology
(§4.1, §4.2). These practices of cosmology which attempt to match observations with
theoretical models are limited by the nonlinear nature of general relativity and the nature
of the available observations. Subsequently, cosmology is examined through the lens of
its aims and the methodology of the historical sciences, making explicit the challenges the
discipline faces (§4.3). I argue that these show that for cosmological models the threat
of circularities diminishes, in comparison with the experimental sciences, as independent
testing is a secondary concern over explanatory value, though it can still play an important
role. I finish by demonstrating that despite the implications of the multifaceted issues in
the field and the threats of circularity, cosmology is thriving and making gradual progress
(§4.4). Progress can be achieved (i) iteratively through tests, constraints, new methods and
so forth (ii) eliminatively through the discarding of alternative models, and (iii) through
both with the suggestion of new fruitful paths in physics. Cosmologists are aware of the
problems and are continuously attempting to solve them, with improvements in method-
ology, theory, and technology, which can eventually even lead to independent tests of the
cosmological principle. While the threats of circularity from the principle are lessened by
the methodology, the epistemic gains from achieving independent testing are still signific-
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ant. The cosmological principle has served cosmology well until now as a valuable guiding
principle. For further progress to occur and to potentially reestablish it as a principle of
nature, it is vital to continue testing and constraining it but to also consider alternative
models.
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Chapter 2

The Cosmological Principle

2.1 Definitions and History

The cosmological principle is the assertion that the universe on sufficiently large scales
is homogeneous and isotropic. It is important to clarify what these terms mean because
they have precise mathematical meanings. Isotropy describes the uniformity of a property
under consideration on all orientations, or no matter the direction the said property remains
unchanged. Homogeneity generally refers to a property being spread out uniformly or being
consistent from point to point. In cosmology, isotropy and homogeneity are connected
specifically with observations that can be made from positions within spacetime. Isotropy
can thus be restated as the idea that all observations around a point are the same irrespective
of the direction that the observer chooses to turn to (Beisbart & Jung, 2006). Homogeneity,
on the other hand, means that any two observers in two different positions in spacetime
would be unable to distinguish their position based on their observations since they would
be identical (Beisbart & Jung, 2006). From these, one can discern that there is a translation
symmetry implied by homogeneity and a rotational symmetry indicated by isotropy. Since
the principle is concerned with observations, it is commonly employed by cosmologists as
a restriction to the distribution of matter in the universe, as detected signals are generally
from matter-like sources.1 In modern FLRW models, such as ΛCDM, the even distribution
is extended as a requirement to dark matter and dark energy, even though neither can be
observed directly and their exact nature remains a mystery. Homogeneity, therefore, conveys
the idea that matter is distributed uniformly throughout all of spacetime and isotropy that
the matter distribution appears the same, regardless of the direction one looks from our
vantage point.

From figure 2.1, one can see that homogeneity and isotropy do not necessarily demand
one another. A vector field, such as the electromagnetic field, could be spread out uniformly
throughout spacetime, with consistent intensity and directionality, making it impossible to
discern a difference in position by measuring it. In every position, however, observing
the field is not isotropic, because of its directionality. The isotropic depiction, instead
showcases how from a central point one could view an inhomogeneous distribution as

1Gravitational waves are a signal that in general is not considered matter-like but astronomers can only detect
major gravitational wave signals which arrive from singular major events, so they are not usually considered in
discussions about the general homogeneity and isotropy of the universe.
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Figure 2.1: Isotropy and Homogeneity. Figure taken from James Schombert’s lectures on cosmology.

spherically isotropic, something not possible from any other point. Connections between
the two concepts exist, specifically that isotropy around one point and homogeneity mean
that there is isotropy around every point. The converse holds, as well, which translates to
isotropy around every point implying homogeneity.

The idea of the cosmological principle has a long history within cosmology. In terms
of its application, it was an underlying assumption in much of the early work in modern
cosmology, a field that only began to be rigorously scientific following the publication
of Albert Einstein’s general relativity. The first solutions of the field equations for the
universe suggested by Einstein (1917) and subsequently by Willem de Sitter (1917) assumed
the principle in a closed and static universe, which translates to spacetime being finite
and unchanging, in the latter part of the 1910s (Kragh, 2007). In the following decade,
Alexander Friedmann (1922) would give the first cosmological solutions of a dynamic
nature allowing for the general expansion of spacetime, with Georges Lemaître (1927) also
recreating the result (Realdi, 2019). The expansion of the universe would become a known
fact by the 1930s, validating these dynamical solutions. During those years, however, the
first calculations for inhomogeneous models were done by Lemaître (1933) and Richard
Tolman (1934), who for the first time questioned whether homogeneity is something found
throughout the universe (Kragh, 2007). Tolman recognised that the homogeneous models
did not precisely match the data and nothing demanded that the whole of the universe would
be homogeneous even if the observable part we inhabit is (Tolman, 1934). This was the
beginning of isotropic and inhomogeneous models, using the inhomogeneous distribution
of matter to explain the expansion of the universe. These types of models would remain
unpopular for the foreseeable future.

While in the first few decades of its existence modern cosmology had implicitly supposed
the principle it made no efforts to explicitly spell it out. This changed with Edward Arthur
Milne who first formulated the principle as a postulate expressing Einstein’s idea that two
observers moving uniformly would make the same observations. Milne not only clearly
laid out the presupposition but considered it a fundamental principle of nature from which
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he could deduce an alternative theory to general relativity and another way to get viable
cosmological models (Milne, 1935). This formulation of the principle is concerned purely
with the three spatial dimensions and as such demands only spatially that the universe is
homogeneous and isotropic. This translates to the conditions of the principle holding for
foliations of spacetime, or for the universe being homogeneous and isotropic within different
snapshots in time. The change in the temporal dimension is today generally taken to be the
uniform accelerating expansion of space, despite Milne disliking that idea. While Milne’s
approach did not gain widespread recognition it did inspire Howard Robertson (1929) and
Arthur Walker (1935) to make mathematically explicitly what the principle was suggesting
for covariantly moving observers, deriving the now famous Robertson-Walker metric, that
characterises a uniformly spatially expanding spacetime (Urani & Gale, 1993).

By the end of the 1940s interest in the principle was renewed with the invention of
steady-state models and the Big Bang models gaining momentum. By that time it was
well established observationally that the universe was expanding. Hermann Bondi, Thomas
Gold, and Fred Hoyle wanted to create a model that adhered to observations but extended
Milne’s cosmological principle to include a temporal translation symmetry. They named
it the perfect cosmological principle, which stated that the universe is homogeneous and
isotropic throughout all of spacetime. (Bondi & Gold, 1948). For this model to correspond
with the observations of expansion and maintain homogeneity, its creators envisioned an
eternally expanding universe where matter is continually created to maintain homogeneity
(Kragh, 2019). This evidently violated the principle of energy conservation thought to be a
cornerstone of physics, but it was a compromise steady-state advocates were ready to make
to elevate the cosmological principle to hold throughout spacetime and avoid certain issues,
such as the beginning of time. The models have fallen out of favour, with the discoveries
of the cosmic microwave background and quasars in the 1960s, which pointed towards the
universe being considerably different in the past (Kragh, 2019).

Throughout the first few decades of cosmology, the cosmological principle played a
vital role. Both by being an unspoken assumption and after it was explicitly stated, it
appeared to be unavoidable in the search for workable solutions to the Einstein equations.
Limited observational capabilities restricted the potential of what data could confirm, though
some observations did line up with what was expected from a homogeneous universe
(Peebles, 2020). Despite that, the expansion of the universe was firmly established and
many observations fitted with FLRW models, suggesting an origin point in time known as
the Big Bang.

The 1960s and 1970s saw another major development, in the introduction of matter
fluctuations to explain structure formation in the universe (Longair, 2019). The absolute
spatial homogeneity of the FLRW models was not sufficient to explain how the universe
evolved and how matter clumped together to create structures, such as galaxies. For this,
perturbations of the models started to be considered, as a way to match empirical observa-
tions. Thus, the principle was weakened further to only hold statistically, or for a universe
that is almost homogeneous and almost isotropic. Even within our local neighbourhood
in the observable universe, there is sufficient variation in the distribution of matter, which
coupled with the difficulty of defining the scale on which the uniformity is supposed to be
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Figure 2.2: Angular distribution of brightest radio sources. Figure taken from Peebles (1993),
created based on the catalogue of Gregory & Condon (1991).

observed, makes it easier to adopt the principle on the grounds that the homogeneity and
isotropy hold for small perturbations and over sufficient averaging on large scales, a notion
I will return to in §4.1.1.

2.2 The Physics of the Cosmological Principle

In general relativity, spacetime is related to matter through the Einstein field equations.23

Rµν − 1

2
gµνR = 8πGTµν (2.1)

Because of certain symmetric properties of the Einstein equations, there are only ten
nonlinear independent equations, that need to be solved in order to fully define the metric
at a certain point. The equations are considered incredibly difficult to solve without simpli-
fying assumptions. This is because the independence of the equations translates to a large
number of tensor components that define the geometry that cannot be determined easily.
Simultaneously, the equations are nonlinear, a fact that arises from the curvature of space-
time affecting the distribution of mass and energy, which in turn affects the curvature itself,
making it difficult to find exact analytical solutions. Instead, what physicists do is make
simplifying assumptions by adding certain symmetries to the metric gµν , reducing the num-
ber of independent tensor components. One of the most common simplifying procedures
is assuming the cosmological principle. The principle defines a family of models called

2For now I will ignore the contribution of the cosmological constant.
3This analysis follows Carroll (2019).
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the Friedman-Lemaître-Robertson-Walker (FLRW) models, which are exact solutions to
Einstein’s equations. The metric of FLRW models is

ds2 = −dt2 + a(t)2
[

dr2

1− kr2
+ r2(dθ2 + sin2 θdϕ2)

]
(2.2)

As is evident from the metric there is a separation of space and time as necessitated by
the formulation of the cosmological principle. FLRW manifolds consist of R×Σ, where R
represents the direction of time and Σ is a three-dimensional maximally symmetric space
representing the spatial dimensions, meaning Σ has the maximum number of symmetries
that space could have. This includes spatial translation and rotation symmetries which are
implied by spatial homogeneity and isotropy respectively. The scale factor a(t) defines
how rapidly the universe is expanding or contracting while the terms to its right define the
three-dimensional spherical change. In each time slice the curvature and metric remain
constant throughout the manifold.

In order to derive useful equations some assumptions about the form of matter need to
be made. In cosmology, matter is often represented as a perfect fluid. Perfect fluids are an
idealised form of fluid that can be completely characterised by their energy density ρ and
their pressure p, which is isotropic in their rest frame. These quantities are only such for
observers in the rest frame of the fluid, or comoving with it. In a spherically expanding
universe, if an observer views the distribution of matter as a perfect fluid then the matter
needs to, at the very least, be isotropic around the observer, for the energy density and
pressure need to be constant and isotropic (Ellis et al., 2012). If all comoving observers
view it as a perfect fluid then the distribution of matter is homogeneous and characterised
by an FLRW metric. For a comoving observer the velocity four-vector Uµ is given by

Uµ = (1, 0, 0, 0) (2.3)

and the stress-energy tensor of the fluid is

Tµν = (ρ+ p)UµUν + pgµν (2.4)

By substituting the relevant tensors in the Einstein field equations (2.1) the ten inde-
pendent equations are reduced to two relatively simple differential equations, known as the
Friedmann equations, where the variable under consideration is the scale factor a(t).

(
ȧ(t)

a(t)
)2 =

8πG

3
ρ− k

a(t)2
(2.5)

ä(t)

a(t)
= −4πG

3
(ρ+ 3p) (2.6)

These equations also define a preferred rest frame, which is the one comoving with
the expansion of the universe, as it would be the only one which would be observing the
isotropy. Because of the covariance of general relativity, there are no preferred foliations
of spacetime, as the theory remains invariant under coordinate transformations, removing
the concept of a preferred rest frame as known in Newtonian physics. The frame defined by
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the Friedmann equations is preferred in the sense that the Einstein equations are easier to
solve, because of the way we defined the velocity. A rest frame such as this is also global,
meaning all observers from any spacetime point in the universe can see it. This creates a
reference point that allows us from our unique spacetime position to make inferences about
what other observers are seeing in other parts of the universe.

While the Friedman equations simplify equations (2.1), they do not solve the problem
of nonlinearity directly, because the scale factor a(t) and its derivative are raised to the
power of two and because the energy density ρ generally depends on a(t). Nevertheless,
solving these two equations based on astronomical observations is significantly easier than
dealing with the whole of equations (2.1). At different eras of the universe when different
components of the energy stress tensor dominate the other contributions, the equations can
become linear.

2.3 Issues with Justifying the Cosmological Principle

Historically the principle was adopted a priori and considered applicable to the whole
universe. Simply accepting the cosmological principle beyond our observable universe is
difficult to justify as several authors have argued (Beisbart, 2009; Butterfield, 2014). While
some scholars claim that the aim of cosmology is to understand the totality of the universe,
such an aim seems unrealistic and not reflective of the practice, something that is further dis-
cussed in §4.3.1. A major limitation to determining the global properties of the universe is
that general relativity is an inherently local theory. It allows us to characterise the behaviour
of matter and spacetime in certain neighbourhoods, which in principle could significantly
vary from each other. When this is coupled with the belief that the observable universe
appears to be substantially smaller than the actual universe, it makes any grandiose assump-
tions about the global nature of spacetime difficult to substantiate. It has been shown that
the global structure of spacetime will always be observationally underdetermined, which
means that the evidence from our observable universe will necessarily be insufficient to
conclusively determine the global structure of spacetime (Manchak, 2009).4 This happens
because "sister" structures of a spacetime can exist, where locally they match our obser-
vations, while globally they have different properties. There are ways around this if, for
example, one expects a physical process to create a uniform global structure, such as setting
up homogeneous initial conditions or global inflation, which smooths out the distribution
of matter. Undoubtedly, though, if one takes a priori the principle to hold this allows for
solutions to general relativity that have a global character. If all observers in spacetime
view a homogeneous and isotropic universe they will solve the Einstein equations the same
way, because the (FLRW) metric they will be using will be the same.

Since adopting the principle has a multitude of physical merits, as discussed in §2.2,
cosmologists have been increasingly searching for empirical backing to justify their use of
it. One of the two horns of the principle, isotropy around our position, appears to have a
fairly straightforward way of being established. Why do we not just turn our detectors to

4This is valid provided that general relativity holds throughout the universe. In principle, there is nothing
that restricts physics from being completely different outside our observable universe, and as such lead to a very
different universe than the one expected.
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the skies and observe the distribution of matter around us? By reconstructing our past light
cone we could conceivably check whether isotropy is present. While it sounds simple, such
an endeavour is not without its hurdles.

Cosmologists have considered this with idealised observations, which means that all
observational quantities are known accurately. In such a scenario, with only demonstrating
that four observables are isotropic — angular diameter distances, number counts, bulk
velocities, and lensing — one can infer that the metric of the observer is also isotropic (Ellis
et al., 1985). This result can be extended to include dark energy (Clarkson & Maartens,
2010). As a matter of fact, it has been shown that one can go beyond this on a purely
observational basis through the Observational Cosmology Theorem. The theorem states
that the data available in our past light cone should be sufficient to not only determine
isotropy but the general spacetime geometry, as well (Ellis et al., 1985).

This is, unfortunately, practically impossible to carry out. Certain idealisations are
always necessary for conducting observations in cosmology, especially since we do not
have direct access to the object of investigation. Astronomers can track the radiation signals
emitted from the sources and use those observables to determine whether there is isotropy
in our past light cone. The signals arrive from the sky, a 2-dimensional sphere surrounding
the spacetime region that the Earth occupies, by intersecting our past light cone as shown in
figure 2.3. Extrapolating these data to create a 3-dimensional picture is not trivial and is one
of the major issues in cosmology (Ellis, 2007). Ideally, cosmologists want to foliate based
on a chosen rest frame, to different snapshots of the past, for which to test homogeneity.
Recreating the actual distribution though, requires precise measurements of the distances
between objects. Ascertaining the distances of objects requires either the use of standard
candles, which have limited applicability, or defining a model of the spacetime evolution
that defines how radiation propagates (Ellis, 2007), issues that are expanded upon in §4.2.
The usual model adopted is FLRW, which is a model that assumes the principle we would
like to generate empirical evidence for, creating a circularity.

Relying on observations from the past light cone is both a boon and a problem within
cosmology and is what makes it a historical science, something that will be discussed further
in §4.3.2. On the one hand, signals arriving from different points in the universe can give
vital information about its earlier history. On the other, besides the issue of determining
distance, because all evidence arrives from our past light cone, we are very limited in the
evidence we can gather. The further into the past astronomers peer, the fewer and the
fainter the signals they receive —excluding any major events in the history of the universe,
such as the CMB radiation emission—, which means only certain types of sources can be
detected. The signals are dimmed because of distance, interacting with other objects while
traversing spacetime, and being redshifted from the expansion of the universe (Ellis, 2007).
Additionally, there is the possibility that eras of the universe are completely unobservable
because of the conditions at that time, such as the cutoff point dictated by the CMB in
modern cosmological models, before which we cannot observe because radiation could
never escape and reach us. Moreover, observing objects from the early universe makes
it more difficult to determine their properties. This is due to the faint and sparse signals
we receive from such distant objects, coupled with the lack of similar nearby astronomical
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objects that we could use to compare. The properties of these past entities then, and the
geometry of spacetime of that region are both unknown; as such one needs to impose at
least one of the two to arrive at any conclusions about the other, making any knowledge of
them model-dependent and thus, any testing circular (Ellis, 2007).

All of these issues make it a difficult task to reconstruct our past light cone to determine
both isotropy and the geometry of spacetime. The existence of the elusive dark components
adds another layer of difficulty since they are even harder to access empirically. As dark
matter only interacts gravitationally, it is impossible to understand its behaviour and effects
without first imposing a model, which can then be incorporated into the considerations
for the observables (Maartens, 2011). A similar situation is true for dark energy, as well.
Observations of these are always indirect, but because of their interaction with this spacetime
geometry, it is necessary that they are also isotropic and homogeneous for the universe to
be considered FLRW.

Figure 2.3: Because we can only view surfaces that intersect our past light cone we receive limited
information from each time slice and cannot directly test homogeneity. Figure taken from Maartens

(2011).

Establishing homogeneity has one additional unique complication. Because of our
placement at a specific point in spacetime, we have no empirical access to what other ob-
servers, at different spacetime points will see, as is shown in figure 2.3. Since homogeneity
is marked by translational symmetries one would need observations from distances mean-
ingfully far in the cosmic scale from our position. This could be performed either from
regions spacelike separated from ours, making them impossible to contact, or from our past
light cone. Tests of homogeneity have been proposed using the latter and the CMB and they
will be examined in §3.5. A multitude of other consistency tests have been created for the
cosmological principle, but because of their assumption of an FLRW geometry they can
only attempt to falsify but not offer genuine empirical support for the principle. Another
popular way to bypass this issue is given the isotropy of our position, to argue that isotropy
is viewed by all observers. If there is isotropy everywhere in the observable universe it
would in turn translate to spatial homogeneity. One can claim this position by adopting the
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Copernican principle.

2.4 The Copernican Principle

The Copernican principle states that our position in the universe is not privileged. Usually,
ascribed to a cultural notion that came to dominate the attitude surrounding knowledge,
after the adoption of the heliocentric model, which removed the Earth from the centre of
cosmological constructions. This idea has historically been influential across various fields
of physics. As such, a multitude of formulations of the principle exist. Today many debates
on the exact ideas of the principle still persist, especially surrounding the notion of what
constitutes a typical observer. This idea of the typicality of an observer is tied to attempting
to give physical meaning to the terms of the principle. The notion of being privileged is
not a term with physical meaning, directly translatable into mathematics (Beisbart & Jung,
2006). An observer, however, does have physical meaning within general relativity and
there are ways to define what would make them special. While general relativity does not
have preferred frames in the sense of construing the true state of an object, in §2.2 a preferred
rest frame was defined in the context of the simplification of mathematics, which could be
understood as special if unique. For the purposes of the argument for the cosmological
principle, the Copernican principle can be reformulated to refer only to the observations an
observer can conduct, with primary consideration to the distribution of matter. This would
mean that our observations are representative of the larger class of possible observations
the various observers in the universe can make (Roush, 2003). If observations are isotropic
around our position, and we are not in a special position within the universe, all observers
would view a similar isotropy.5 This means that around every spacetime point, there is
isotropy, making the universe necessarily homogeneous. The idea can be extended with the
four observable quantities mentioned in §2.3 that can showcase the isotropy of the geometry
(Maartens, 2011).

Adopting the Copernican principle is not a straightforward solution. It is often justified
using Bayesian probabilities, that is, it is highly unlikely that we live in a special position
in the universe, such as the centre, from which potentially the universe could look isotropic
but be inhomogeneous. This strategy is not necessarily convincing, because it is unclear
whether the priors under consideration are that high. A counterargument often mentioned,
to show that those priors can be low, appeals to the anthropic principle or the idea that our
position in the universe must have the necessary preconditions for the existence of observers
(e.g. Kanitscheider, 1991). Building on the previous example, it may be that in our universe,
those conditions are only met near its centre and that is why we as observers exist here, which
transforms our position from highly unlikely to very probable. This idea specifically targets
the notion that we are typical — not special — observers, by attaching special features to
our existence. One can define an equivalent class of observers and reformulate the principle
to tackle this issue, but this shows how difficult Bayesian probability justifications are.

5One could say that in an inhomogeneous and anisotropic-in-every-position universe, all positions are special
as they are unique, but the discussion here usually revolves around the complexity of the mathematics, as in general
relativity there is no true privileged frame in the Newtonian sense.
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A similar argument is offered from the modelling perspective. There is a multitude of
models with different parameters that can potentially fit observations that are inhomogeneous
and only isotropic around our position, or the converse. It is unclear whether they are more
numerous than the class of FLRW models and thus, from a Bayesian perspective, one cannot
be certain which type of model is more likely to represent our universe best (Beisbart &
Jung, 2006). The effectiveness of the application of Bayesian epistemology, in general, is
a whole separate issue and discussions surrounding probabilities, especially in the context
of cosmology, where we have evidence only from one observer location and only one
universe, can degenerate quickly. This is because one could argue there is a lack of a good
probability measure when the sample size is one and the initial conditions are unknown and
it is ambiguous how to even interpret such a measure with only a single realisation of the
universe known. The Copernican principle is, thus, in unstable footing if not assumed a
priori.

A strategy out of this predicament is to select a global rest frame. By identifying such
a frame, all observers would have a time slice they could refer to that would allow for their
comparison. As it was mentioned before (§2.3), however, because of general relativity, a
spacetime structure can only become global when certain choices are made, such as the
FLRW metric, which allows us to identify global symmetries. Cosmologists identify a
global rest frame with the CMB, which means they assume as a rest frame for all observers
the one where they view an isotropic CMB. That is an assumption though that supports the
Copernican principle in a circular way, unless it can be backed by empirical evidence. This
is one of the many applications of the CMB that mark it as a significant event in the history
of the universe for cosmology, and on which I hence turn my focus.
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Chapter 3

The Cosmic Microwave Background and the Cosmological
Principle

3.1 The Cosmic Microwave Background

The CMB is one of the best-understood and most well-established cosmological phenomena.
It is widely considered by physicists as one of the best probes of the early history of the
universe. Its detection is considered one of the most important pieces of evidence in favour
of the widely held understanding that the universe began with a Hot Big Bang. According
to Big Bang models, in the early stages of the universe, the temperature was so high that all
matter was in a hot dense plasma state. Photons were continuously absorbed and remitted
by protons and electrons. As the universe expanded, it began to cool down and around
380 000 years after the Big Bang it entered what is known as the era of recombination
where protons and electrons could combine to make the first atoms. When these charged
particles combined and stabilised, the number of photons scattering rapidly diminished
resulting in many of them travelling through spacetime, to reach the Earth of the present.
Because these photons were travelling through the expanding universe before they reached
us, during their journey they got stretched alongside space, which redshifted them to the
microwaves we detect today.

Since the 1980s, space agencies have been periodically sending observatory telescopes
on satellites to study the CMB more comprehensively. Putting them into orbit has the benefit
of avoiding potential noise generated on the Earth, missing signals getting blocked through
interactions with the atmosphere, and surveying the whole sky with the same instruments.
The Planck spacecraft was the latest such mission and the analysis of the entire set of data
was completed in 2020, giving the most comprehensive cosmological parameter estimations
from early universe data to this day.

As the CMB is the oldest evidence astronomers have access to, since before recom-
bination the universe was opaque, it is one of the few ways to test any hypotheses about
the early universe. Analyses of the CMB are largely responsible for our knowledge of the
matter composition of our universe. The power of the CMB lies in its high energy at the
moment of emission, as it allows for tests at energy levels that are unthinkable in terrestrial
physics. It does have its limitations, however, most importantly the microwaves that arrive
in telescopes are very low energy and any high-energy test requires extrapolation back in
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time. Idealisations are also necessary, such as assuming that the emission of the photons
happened everywhere from a single spatial scattering surface in a snapshot in time, even
though, the process was not instantaneous.

3.2 The (An)Isotropy of the Cosmic Microwave Background

3.2.1 Decomposing the Cosmic Microwave Background

Despite the limitations the CMB offers quite a substantive framework from which we can
study questions, such as the isotropy and homogeneity of the observable universe. All the
successive missions have provided support for the isotropy of the radiation detected from
the CMB (CMBR). The temperature of the CMB appears to be uniform with fluctuations
in the range of δT

T = 10−5, making the CMB a near-perfect black body with a temperature
of 2.7 Kelvin. While the range within which the isotropy of the CMBR breaks is small it
can still be a cause for concern unless the fluctuations can be explained.

Figure 3.1: The anisotropies of the CMB. Figure by the ESA and the Planck Collaboration.

In order to explain the fluctuations and understand the nature of the CMB astronomers
utilise statistical analysis. They specifically apply multipole analysis decomposing the signal
into spherical harmonics. Spherical harmonics are orthogonal functions that are defined
on the surface of the sphere. Their use is necessary because the CMBR is viewed from the
Earth as a 2-dimensional shell surrounding it. Using different angular scales of analysis the
surface of the CMBR sphere is broken into a different number of patches or poles, described
by the spherical harmonics. Spherical harmonics are given by

f(θ, ϕ) =

∞∑
ℓ=0

ℓ∑
m=−ℓ

aℓmYℓm(θ, ϕ) (3.1)

In the case of the CMB
f(θ, ϕ) =

δT

T
(θ, ϕ) (3.2)

where θ and ϕ represent the angles in the spherical coordinates T is the temperature and
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Figure 3.2: Representation of spherical harmonics. From left to right, each column shows the
multipoles from l = 1 and increasing. From top to bottom, each row shows the mode starting with

m = 0 and continuing with m = ±1 and so on. Figure by Ville Heikkilä, taken from Hannu
Kurki-Suonio’s lectures on cosmology.

δT are the fluctuations.

Multipoles have a moment l that represents the angular scales, beginning at l = 0

which is the monopole and increasing values of l decrease the angular scale progressively
creating finer regions. From the nature of the spherical harmonics, the multipoles created
are of the power of two, thus l = 1 is a dipole, l = 2 a quadrupole and so on. Lower
multipole moments showcase larger-scale fluctuations while larger moments correspond to
smaller-scale fluctuations that are caused by minor sources. Spherical harmonics are also
dependent on the mode m which spans from −l to l and determines the shape of the patches
that are defined on the sphere’s surface. Similarly to a Fourier series, adding all the infinite
multipoles should converge to the initial picture of the CMBR. A representation of low
multipole moments can be seen in figure 3.2.

The goal is to calculate the coefficients in order to understand how much each spherical
harmonic function or each multipole contributes to the observed signal. From equations
(3.1) and (3.2)
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alm =

∫
Y ∗
lm(θ, ϕ)

δT (θ, ϕ)

T0
dΩ (3.3)

where dΩ = cos θ dθ dϕ.

3.2.2 Assumptions and the Power Spectrum

An important assumption made when conducting this analysis is that the fluctuations are of
a Gaussian nature. This means that the expectation value of the coefficients is zero

⟨alm⟩ = 0 (3.4)

An additional significant assumption, made in this analysis is statistical isotropy, which
is used to simplify the statistical analysis of the data when calculating the fluctuations of
the CMBR function. This means that the coefficients are independent variables:

⟨alma∗l′m′⟩ = 0 (3.5)

and the expectation value of the two-point correlation function is zero.
In order to calculate the fluctuations astronomers derive the power spectrum Cl, which

represents the strength of the fluctuations of the CMB for each multipole. Essentially, it
quantifies the temperature difference from the average at different angular scales. The power
spectrum is defined by the coefficients of each angular scale, which define the contributions
of individual multipole to the general CMBR function. By assuming isotropy one can
average over all the different m modes for each multipole, as no matter what the orientation
of the pattern made from the patches of the sky is it should have statistically the same
properties. Taking into account statistical isotropy the theoretical power spectrum Cl is
defined as the expectation value of the squared multipole coefficients:

Cl = ⟨|alm|2⟩ (3.6)

where the coefficients only depend on l. The CMBR is then understood as realised by an
underlying Gaussian isotropic process, of which there are many possible realisations that
are statistically isotropic and we calculate the variance (Bucher, 2015).

The observational power spectrum Cobs
l is estimated from the observed alm coefficients:

Cobs
l =

1

2l + 1

l∑
m=−l

|alm|2 (3.7)

which is not an expectation value since there is only a single realisation of the CMB in the
universe, giving a sampling size of one to compare with the theoretical statistical values.

This is vital because astronomers only have access to information on the CMB from one
universe, and thus limited data points. In statistical analysis normally multiple realisations
of an effect are considered and then the averages are extracted. With a sampling size of
one, it is impossible to calculate expectation values unless astronomers average over the m
modes, which is what they do. This creates large uncertainties on lower multipoles, where
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the sampling size is smaller due to the lower number of m modes as shown in figure 3.3.
This phenomenon is known as cosmic variance and is the effect on observational data of
having only a single universe. One might ask why is it not possible to simply determine
the individual contributions, and why astronomers use statistics to understand the CMB.
This is because it is far more efficient to discuss the statistical properties of the CMB when
considering all the noise and complexity, something that will become apparent in §3.3.
For now, it is important to note that if astronomers did not assume isotropy they would
have to work with a more general probability distribution that has more parameters than
observables, making it challenging to obtain useful results (Bucher, 2015).

Figure 3.3: The CMB power spectrum Cl plotted over the corresponding multipole moment l and
the angular scale. The red dots represent the measurements and their error bars, the line shows the

theoretical expectations of the power spectrum, and the green area demonstrates the expected cosmic
variance error. Figure by the ESA and the Planck Collaboration.

The power spectrum depicted in figure 3.3, therefore, maps out the fluctuations on each
possible scale. Larger angular scales showcase fluctuations of a bigger size in the CMB sky,
and smaller scales show the converse. The y-axis represents the intensity of the fluctuation.
Figure 3.3 illustrates the existence of some anisotropies, that demand an explanation. The
fluctuations are attributed to two types of effects: intrinsic fluctuations of the CMB and
effects that alter the propagating radiation as it travels towards the Earth.

The intrinsic fluctuations of the CMB are considered a vital puzzle piece in modern
cosmology, as in a perfectly homogeneous and isotropic universe all observed structures
in the universe would not be able to form. Thus, cosmologists assume the existence of
primordial density perturbations of matter. These perturbations allowed matter to clump
together and create observable structures, such as galaxies. Ideas differ on how these
fluctuations came to be, but the important thing is that they were present in the early
universe.1 An important effect here is the Sachs-Wolfe effect which is the dominant

1In cosmology the major camps on the matter either attribute the perturbations to the initial conditions of the
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contributor to the anisotropy peaks at most angular scales. During their emission, photons
in overdense areas had to climb out of larger gravitational wells, resulting in an energy loss
that is imprinted on the CMB as temperature differences.

On the other hand, while the CMBR is propagating through the universe physical
influences can have noticeable effects on it. As I already mentioned one of these effects is
how the expansion of the universe stretches the photons into microwaves by the time they
reach our detectors. Other effects include gravitational lensing and the integrated Sachs-
Wolfe effect. These types of effects, while significant to the theoretical prediction of the
power spectrum, generally have small contributions. The most consequential one comes
from the integrated Sachs-Wolfe effect which primarily contributes to the first peak of the
power spectrum. This effect describes how photons travelling through spacetime encounter
numerous gravitational wells. As photons fall into these wells, they gain energy, which they
subsequently lose while climbing back out. However, the depth of these wells can change
while the photon is within them, leading to additional energy gain or loss. Astronomers
account for all these theoretically treatable effects and create the theoretical expectation of
the power spectrum, explaining why certain multipoles exhibit larger fluctuations.

In all power spectra, the monopole and the dipole are excluded. The monopole is
interpreted as the mean temperature because it results from averaging over the whole sky.
In a perfectly isotropic CMB, the monopole would be the sole contribution. This means
that the monopole scale represents no fluctuation, as it matches the expected value of the
CMB temperature. The dipole, on the other hand, possesses significant cosmic variance
and represents the largest anisotropy of the CMB. In an FLRW universe, one would expect
if the Earth was moving in accordance with the rest frame of the CMB that the CMB would
appear completely isotropic. However, that is not the case observationally. This discrepancy
is attributed to the movement of our local neighbourhood relative to the rest frame defined
by the CMB because locally the universe is inhomogeneous (Aluri et al., 2023). As such,
any large-scale density perturbations that would have left a signature on the dipole are
dominated by the anisotropy caused by the Doppler boosting of the Earth’s motion. It is
impossible to separate them because all dipole contributions are linearly dependent and
result in only one observable dipole in the CMB sky. Therefore, the dipole is not considered
in investigations of the power spectrum to understand the various cosmological effects.

As is shown in figure 3.3 the theoretically expected values of the CMB match to a very
high degree what is observed. These theoretically expected values are constructed through
simulations of FLRW universes with specific initial conditions while factoring in all the
effects that left a mark on the CMB. The theoretical values are built on the assumption
that the CMB appears statistically isotropic to all observers comoving with its rest frame.
The whole model alongside the assumption can be tested through comparison with the data
from observation. As was mentioned already, however, the analysis of the CMB also uses
as a precondition the statistical isotropy of our observations of the CMB. Therefore, while
the correspondence of data and theory showcases consistency, the observations cannot be
taken as directly confirming an FLRW evolution of the universe. There is a circularity

universe or from some general initial conditions they use a smoothing mechanism, usually inflation, that results in
a perturbed FLRW universe.
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here, but it is not necessarily vicious if the statistical isotropy can be independently shown.
Demonstrating statistical isotropy is vital even beyond breaking the circularity because as
discussed above, not assuming it will remove the ability to average over the m modes
diminishing the reliability of the observational data analysed through spherical harmonics
as the effect of cosmic variance gets amplified.

3.3 Isotropy Tests from the Planck Mission

3.3.1 Cosmic Microwave Background Radiation Detection and Data
Analysis

The Planck mission is a collaboration of numerous research groups and institutions with
the goal of understanding the CMB as well as possible. The methodology they utilise
is highly complex, to ensure the minimisation of errors and the accuracy of the results.
It is, therefore, impossible to consider here in detail how the CMB data is analysed and
interpreted, as this is done in tens of papers published by the Planck collaboration. For the
benefit of the reader, a simplified schematic representation of the most relevant aspects of
the data analysis pipeline of the CMB is presented in figure 3.4.

The Planck satellite receives radiation signals, in the form of microwaves, by surveying
the whole sky. The raw data itself is of little use to astronomers, without any further
processing. Instead, a long and complex data processing pipeline transforms the data from
the signals that the instruments detect to models.2 Astronomers construct data models
based on data calibration and simulations to remove noise and extract only the relevant
data. Refining data is not necessarily epistemically suspect. It can often make data sets
more reliable, through the removal of unwanted effects and their transformation to data that
can be compared with the theoretical predictions. This process of transforming data into a
data model is prevalent in High Energy Physics, as well, another epistemic activity where
the experimental data cannot be immediately compared to theory without some form of
processing (Antoniou, 2021).

In the Planck collaboration, there are three levels to this process. In the first level, the
data from the satellite and the mission control are gathered, and the ones that are faulty
are removed. The Placnk satellite has two detectors: a High Frequency Instrument (HFI),
responsible for detecting signals with frequencies between 100 and 857 GHz and a Low
Frequency Instrument (LFI), which probes the frequency bands between 30 and 70 GHz.
Detecting signals for two different frequency ranges increases the data volume that can be
utilised to detect the CMB accurately. The CMBR is theoretically expected to be more
intense in the 70GHz to 217GHz range. The second level involves the creation of calibrated
maps from each detector transforming the voltage signal into temperature and removing
systematic errors. There are issues that both suffer from, such as problematic data produced
by satellite movements and information that gets lost during transport, and detector-specific
issues, such as spurious signals at specific frequencies (Planck Collaboration II, 2020;
Planck Collaboration III, 2020). In the last level, both the HFI and LFI maps are combined

2More information can be found in the Planck collaboration papers (Planck Collaboration I, 2020).
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Figure 3.4: Simplified Planck data processing chart

and the CMBR signals are separated from sources that emit similar signals in the observable
universe, such as galaxies and quasars, through simulations to calculate the power spectra,
check for isotropy, and determine the cosmological parameters in the early universe.

3.3.2 The Dipole

Calibration is an important part of second-level processing, using well-established astro-
nomical observables to ensure the accuracy of signal transformations from raw voltage
outputs into thermodynamic temperatures. Apart from neighbouring structures, the most
important calibration method is the CMB dipole. Because of its prominence as a feature
in the CMB data, it might seem like the perfect candidate to be used as a reference point.
This, however, at first glance appears circular. Using the expected observed values of the
CMB to calibrate the instruments that are supposed to detect is suspect. The assumption
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here is that, in order to identify the dipole with the movement of the solar system relative to
the rest frame of the CMB, there needs to be a frame in which the CMB appears isotropic
and has a specific, well-defined temperature. Therefore, what astronomers do when they
estimate the dipole is to identify the Doppler boost, caused by local motion, compared to
the average temperature given by the monopole.

The first calibrations of the Planck mission were performed using data from older
missions studying the CMB (Planck Collaboration IV, 2014). Later iterations made use
of the orbital dipole, which is the variation on the dipole caused by the Planck satellite’s
movement around the barycentre of the solar system. The satellite’s velocity as it orbits
the sun changes with respect to the CMB rest frame or the monopole even if the whole of
the barycentre of the solar system is moving relative to the frame at a constant rate. This
modulation can be determined by astronomers with minuscule errors and because of this, it
is used as an absolute calibration tool (Planck Collaboration III, 2020).

A calibration procedure such as this is not necessarily circular. If the calibration is
done purely with older observational data, then the issue becomes dependent on the way
the dipole was determined on those earlier missions. It need not be an issue because it is
technically possible to detect the value of the dipole, without attributing to the dipole or
the monopole any specific physical significance. The only restriction is the accuracy with
which the monopole can be known, independently. Identifying, however, the dipole with
the Doppler boost from the frame on which the CMB is isotropic, and as such attributing
specific physical significance makes this an issue.

According to (Planck Collaboration V, 2014)

Vout(t) = G(t)× [B ∗ (Tsky +D)]
x(t),t

+M (3.8)

where:

• Vout(t): the output voltage measured by the detectors at time t.

• G(t): the transfer function, representing the overall gain of the instrument at time t.

• B: the beam response of the instrument.

• Tsky: the brightness temperature of the sky, including the CMB and galactic/extragalactic
foregrounds.

• Di: the dipole signal, including the solar and orbital terms and their associated
kinematic quadrupoles.

• x(t): the direction of the beam axis at time t.

• M : an offset term (monopole), including instrumental offsets.

There are three main contributions here: the offset of the monopole, the relation of the
beam response of the instrument and the temperature, and the relation of the beam response
instrument and the dipole.

From equation (3.8), one can see that the dipole is considered a distinct contribution,
different from the observed temperature Tsky . This means that in this model the dipole
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is identified with the local dipole compared to the CMB rest frame. If it was not, dipole
contributions would also need to be considered as part of Tsky and the fluctuations that
define it. There is a circularity at play here, which falls back on if we can define a rest frame,
on which the CMB appears isotropic. While the intensity of the dipole means that it is a
clear feature in observational measurements, astronomers can choose any rest frame from
which our local motion diverges and a dipole will always show up. Without independent
confirmation of the statistical isotropy of the CMB, the attribution of the whole of the dipole
contribution to the motion of the Earth is conceptually problematic. While this is a good
calibration practice if the CMB is assumed to be statistically isotropic, since the dipole is
the most prevalent feature of the CMB, it also means that it causes issues in determining
unequivocally whether the CMB is actually isotropic. A number of small but significant
fluctuations could easily be masked this way. This becomes more pronounced when we
consider the tensions that some papers raise with identifying the dipole with structures in
the later universe.

Figure 3.5: The CMB dipole as predicted through simulations. Figure taken from Delabrouille et al.
(2013).

The following step as depicted in figure 3.4 is the systematic errors that must be
considered and subsequently removed before the data begins to be analysed. These include
the satellite’s movement, its proximity to the Earth, straylight contamination and so forth
(Planck Collaboration IV, 2014). Here, the dipole is removed from the data because it is
assumed to be solely caused by the local motion in comparison to the CMB rest frame.
Removing the dipole, as part of the systematics, means that prior to the data analyses,
the biggest anisotropy has been removed. That is used, as was argued before in §3.2, to
construct the power spectrum which is used as a tool for checking theoretical predictions.
An argument can be made here that the removal of the dipole is necessary because even if
the CMB is not isotropic, a dipole would arise because of local movement and we cannot
differentiate between the different contributions to the dipole as mentioned in section §3.2.
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While this is an unfortunate issue, however, it is important to repeat here that the problem
lies with whether it is possible to check the isotropy of the CMB independently. When the
biggest anisotropy is removed it is bound to be problematic. Therefore, using the dipole for
calibration and subsequently removing it from the data appears to fall into a new circularity.
The isotropy tests conducted by the Planck collaboration, however, reintroduce the dipole,
as will be discussed in §3.3.4, which would allow for genuine tests if not for the calibration
process. Nevertheless, for both justifying the calibration procedures and the subsequent
analyses verifying the dipole independently would solve all outstanding issues.

To this end, several astronomers have attempted to show the kinematic nature of the
dipole through different avenues in cosmology. The issue is twofold because both the
orientation of the dipole and its magnitude do not exactly match the effect that the motion
of the local group is expected to create (Aluri et al., 2023). The way this can be shown is
through radio source counts, provided we live in an FLRW universe. If the dipole is entirely
kinematic and the universe is isotropic throughout time, then the radio source counts are
expected to show the exact same dipole as the CMB (Ellis & Baldwin, 1984). On larger
scales where the local inhomogeneity caused by the local group is not considered the local
rest frame should be converging with the CMB rest frame (Sarkar et al., 2009). This has not
been shown, instead, some studies suggest that radio galaxy and quasar distributions are not
isotropic in the CMB rest frame (Secrest et al., 2021, 2022). Moreover, some astronomers
report that the Earth is observed to be part of a fast-moving bulk flow, that does not appear
to have a mean approaching zero, as would be expected in an FLRW universe (Mohayaee
et al., 2024).3 In addition to this, several studies have shown an amplitude excess for
the matter dipole suggesting that there is potentially a genuine tension, with some papers
even suggesting it with certainty up to 5σ (e.g. Bengaly et al., 2018; Singal, 2019). While
fewer in number, some scholars claim to show consistency between the CMB dipole and
its radio source counterpart (e.g. Darling, 2022). Others have attempted to explain away
the tension using potential previously unaccounted-for effects on the astronomical signals
that could be generating systematic errors in the data. One group investigated the effect of
the redshift evolution of the radio sources on the data and evaluated the necessary rate to
remove the tension (Dalang & Bonvin, 2022). Another group suggested taking into account
the luminosity function that has been ignored so far in derivations of the expected dipole
anisotropy (Guandalin et al., 2023).

This debate showcases once more the difficulties encountered when attempting to con-
struct a genuine critical test of the cosmological principle. Nevertheless, while the evidence
appears inconclusive, many cosmologists are calling for more comprehensive studies of this
through new radio source catalogues and more accurate observations that might eventually
be able to settle this debate. What is certain is that the dipole has not been shown independ-
ently to have a purely kinematic nature and that it can be regarded as such when analysing
CMB data. Until this can be achieved this circularity within the analysis of the CMB will
remain a concern.

3Bulk flows are the averaged velocities of local structures being pulled towards one another because of that
local inhomogeneity.
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3.3.3 Simulations

The first step of the last level in the data analysis pipeline of the Planck mission, as shown in
figure 3.4, is the component separation of the different radio signals, to isolate the CMBR.
This is achieved through simulations called diffuse component separation, which essentially
remove the foreground from the CMB. The foreground is other sources that emit signals,
which arrive on similar frequencies that the CMB is observed on. The emissions of the
Milky Way galaxy and of more distant sources comprise the foreground.

There are four different algorithms utilised for the simulations, each creating its own
component-separated maps. They can be divided into two categories, the ones that make
predictions for the CMB with no assumptions about the foregrounds and the ones that model
the foregrounds (Planck Collaboration IV, 2020). The latter methods are Commander-Ruler
(C-R) and Spectral Matching Independent Component Analysis (SMICA). The Commander
method used a Bayesian fitting approach that runs Monte Carlo simulations to sample a
posterior distribution, based on cosmological parameters, and fit it to the data (Planck
Collaboration IV, 2020). This method uses a signal covariant matrix for calculations that
assume both that the fluctuations are of a Gaussian nature and that they are isotropic (Eriksen
et al., 2004). SMICA creates CMB maps through the linear combination of different
frequency maps with different weights for each multipole. The weight of each multipole is
evaluated based on a covariant signal matrix with an isotropy assumption, similar to the one
used for Commander (Planck Collaboration XII, 2014). The initial assumption of isotropy
in both algorithms means that they cannot be taken alone as successfully isolating the CMB
since the isotropy has not been established.

The other two algorithms are the Spectral Estimation Via Expectation Maximization
(SEVEM) and the Needlet Internal Linear Combination (NILC) methods. They make no
assumptions regarding the foreground, instead, utilising the expected values of the CMB
to remove it. NILC functions similarly to SMICA, combining linear maps of the observed
CMB at different scales and sizes, giving them different weights, in order to extract the
true signal (Delabrouille et al., 2009). The difference with SMICA lies with the different
scales and the way the weighting is calculated, changing depending on the position and the
multipole through the use of needlets (Planck Collaboration XII, 2014). SEVEM, on the
other hand, utilises the internal Planck data maps. By subtracting those of neighbouring
frequency and same resolution, it attempts to isolate the CMB signal (Fernández-Cobos
et al., 2012).

The main assumptions in NILC and SEVEM are that both the noise and the fluctuations
of the CMB are of a Gaussian nature, something assumed in the mission itself, and that the
CMB emissions are those of a black body spectrum (Delabrouille et al., 2009). This last
assumption is necessary for both combining maps and comparing templates, as it factors
in specifically on how the CMB signal is modelled. For NILC, without this assumption,
the CMB signal would not be reconstructable through a linear combination of maps. In
the case of SEVEM, in order to be able to subtract the templates astronomers assume that
the CMB is a black body and thus contributes equally to all frequencies when measured in
thermodynamic temperature, which means that maps of the CMB in different frequencies
are expected to look the same if no foreground exists. This baseline is what allows the
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subtraction of two templates to result in only the foreground. This assumption can be
problematic because black bodies are diffuse emitters, which means that the radiation they
emit is isotropic, effectively, therefore, assuming isotropy in a different way. Once again,
however, if the fact that the CMB is a black body can be independently shown, then there
would not be an issue. The black body nature of the CMB has been extensively defended
because of data from previous missions and because of its spectrum — its intensity follows
a specific curve for each emitted frequency— making it an established fact in cosmology
(Fixsen, 2009). Nevertheless, any confirmation of the black body nature of the CMB
has to essentially pass through a component separation method. The situation seems to
be that unless somehow we are able to know all the foreground contributions accurately
and independently there is no realistic way to independently showcase the validity of this
assumption. Further investigation into the exact methodology and analyses of the data from
the COBE-FIRAS instrument — the mission that is claimed to have definitively established
the CMB as a black body spectrum — is warranted to find out if it independently showcases
the black body nature of the CMB.

All four methods yield maps with consistent results something that is relevant in the
isotropy tests that follow (§3.3.4), as seen in figure 3.4, though some minor differences
remain (Planck Collaboration IX, 2016). They all utilise different methodologies and
different initial assumptions, to arrive at similar results. While the assumption of isotropy
seems everpresent, it does not guarantee the maps’ consistency, which provides a small
additional basis of support for the results. On the other hand, though, the similarity is not
genuinely convincing evidence because of the isotropy assumption.

3.3.4 Isotropy Tests

Scientists working within the Planck Collaboration have attempted to set up various ways to
check the isotropy of the CMB. Granted what I have laid out prior in this section, any tests
of isotropy that can be conducted at this point of the data analysis seem like they would fall
into a circularity. This can be solved if the dipole or the black body nature of the CMB are
established independently. While this might be feasible in the future, it raises the question
of whether conducting isotropy checks is worthwhile. Here it is important to note, that the
methods described before exhibit certain circularities, but they do not necessarily save the
phenomena and, as such, fall into a vicious circularity. The assumptions, and the circularity
they imply, do preclude any isotropy checks from being genuinely validating, but they do
not guarantee the results. This can be seen in the power spectrum 3.3, as despite the black
body and dipole assumptions, anisotropies still appear. The assumptions could be hiding
part of the fluctuations, as in the case of the dipole, but they do not enforce that the isolated
signal appears isotropic. Thus, the tests can be a significant part of a long list of checks of
the isotropy of the CMB. At the very least they can conclude that there is consistency.

The way the isotropy tests work is by comparing the observations to simulations of
the CMB from various initial conditions that lead to a statistically isotropic CMB. These
simulations are called full focal plane (FFP) simulations and they utilise other cosmological
parameters chosen to best match the available data within the established cosmological
models, in this case, ΛCDM (Planck Collaboration XII, 2016). The baseline they provide
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is used to judge whether the fluctuations are significant or within the expected limits of
fluctuations that this type of perturbed FLRW model allows (Planck Collaboration VII,
2020). This is a form of null-testing where a hypothesis is tested against the statistical data
in order to identify if the data supports it.

The major temperature anisotropies that have been observed are a dipolar asymmetry of
power (one of the two hemispheres exhibits stronger anisotropies), preference towards odd
parity modes (odd monopole moments l), and a large cold spot in the southern hemisphere.
The existence of these features is well-established. Because of their magnitude, however,
there is a question of whether these are simply expected fluctuations within a statistically
isotropic CMB or not. In principle, there is no unique way that one can separate genuine
violations that could have physical origins from simple fluctuations that are covered by the
statistical nature of the model, especially in larger angular scales where the cosmic variance
error is substantially higher. This situation is exacerbated by the look-elsewhere effect. This
effect, primarily present in particle physics, essentially occurs when a statistical analysis
involves looking for fluctuations in many different places through many different methods.
This increases the chance of finding a statistically significant result purely by chance (Planck
Collaboration XVI, 2016). How often should statistically significant fluctuations be found so
that we are kept within the bounds of what is deemed acceptable through the look elsewhere
effect? The answer here is that it is unclear because there is no underlying physical model
that can provide an expected prediction rate. This means that whenever there is no obvious
way for a correction, there is a degree of subjective choice in the interpretation of the
significance of these results (Planck Collaboration XVI, 2016).

Several consistency tests are performed, and I will summarise the main results. In many
of these tests, the dipole is reintroduced, as the FFP simulations also include the expected
effect of the boosting (Planck Collaboration XVI, 2016). This inclusion resolves the
concerns outlined before in §3.3.2 regarding the removal of the dipole prior to data analysis,
as including the dipole data from the observations and comparing it to the theoretical
expectation values is a consistency test that can demonstrate potential issues. The main
results of the isotropy checks are, based on (Planck Collaboration XVI, 2016)

• Statistical tests of variance, skewness, and kurtosis suggest anisotropies only at low
significance.

• Lack of large angle correlations observed previously persists, especially on 3 and
4-point correlation functions.

• Lack of strong anisotropies on the quadrupole.

• Odd parity mode preference previously observed persists.

• Mirror-parity asymmetry appears when a reflection over a specific plane is considered.

• Analysing the local peak statistics shows no significant results.

• Cold Spot mean temperature remains anomalous.

• Dipolar power asymmetry persists, both in variance and angular checks, while if its
directionality is anomalous is inconclusive.
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The latest report utilised similar tests but focused on polarisation data and has largely
backed the results of the previous study (Planck Collaboration VII, 2020). Additional
checks are performed to ensure that the sky sample taken for the tests above is unbiased.
Since most anisotropies arise at large scales it is shown that they persist when a larger part
of the sky is considered (Planck Collaboration XVI, 2016). While the Planck collaboration
has managed to check the dipole consistency, it still used data from the original calibration
of the temperature. The large-scale anisotropies also mean that there is a limit to how much
they can be constrained as cosmic variance increases at those scales, which includes the
dipole.

These results can be viewed as further substantiated by the fact that all four different
component separation maps give results closely resembling each other when used for these
isotropy checks. The Planck collaboration claims that this makes the result robust. In the
philosophical literature, a result is considered robust if one has shown it through different
paths that are both independent methodologically and have diverse background assumptions
(Stegenga, 2009). While this idea generally refers to varying experimental conditions, it
is possible to, instead, consider various analysis paths of the same set of data as robust
if they produce reliable results (Doboszewski & Elder, 2024). In the case of simulations,
if an ensemble of different simulations converges to the same result, then the outcome
is robust (Weisberg, 2006; Smeenk & Gallagher, 2020).4 The Planck collaboration has
shown through their isotropy checks that the different simulations produce similar results
and converge towards showing isotropy. In that regard, they function similarly to the Event
Horizon Telescope (ETH) data pipelines, which are independent methodologically and in
terms of auxiliary assumptions, converging to a robust image result (Doboszewski & Elder,
2024). Where the Planck case diverges from the ETH is that while all four simulations
function very differently methodologically and have different underlying assumptions, as it
was explicated in §3.3.3, they, nevertheless, all assume in one way or another the isotropy of
the CMB, which is the question they were attempting to prove. Technically, the black body
radiation spectrum is not an isotropy assumption, however, it has isotropy as a consequence,
for if the CMB contributes equally to all frequencies when measured in thermodynamical
temperature, it would be isotropic.

Regardless of robustness, it is unclear whether to take the anomalies present in the
data as expected fluctuations or as genuine tensions with the model. Between the dipole,
the simulations, and the ambiguity that the isotropy checks provide, one might argue that
proclaiming the CMB as isotropic might have been premature. This does not mean that
there is evidence stacking against such an interpretation, but that the evidence provided so
far, appears to be insufficient to fully substantiate the claim. Further investigations into the
anomalies and the dipole are warranted.

4The usefulness of robustness as an ideal in cosmology has been called into question in determining physical
features of the universe (Gueguen, 2020).
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3.4 The Cosmic Microwave Background as a Justification
for the Cosmological Principle

As has been demonstrated above, establishing the isotropy of the CMB is not a simple
procedure, however, justifying homogeneity presents novel challenges. At first glance, for
a direct route that avoids testing, the isotropy of the CMB and the Copernican principle
should be sufficient to establish homogeneity for that time slice. As explicated in §2.4 this
statement would take the form: if our observations are not special, since our position is not,
then the isotropy of the CMB we observe should be a feature of observations from other
positions, as well. If that is true, then homogeneity has been established. That is not the
case, however, even if all observers view an isotropic CMB it does not necessarily follow
that the universe has an FLRW metric, thus being homogeneous in addition to isotropic
(Maartens, 2011). For this inference to be true one needs to make an assumption about the
nature and behaviour of matter. If the CMB is taken to be a perfect fluid, as described in
§2.2, then the Copernican principle would be enough. The supposition of the perfect fluid,
however, fixes the background geometry to that of an FLRW spacetime (Ellis et al., 2012).
This creates a circularity as the assumptions about matter guarantee the homogeneity results
from isotropy. For this reason, one needs to solve the nonlinear Einstein-Liouville field
equations, for matter in a generic spacetime.

These calculations were first done by Ehlers, Geren, and Sachs (EGS) and were formu-
lated into a theorem bearing their name, though it only took into account radiation (Ehlers
et al., 1968). Other researchers generalised this result to include dark matter and a gravita-
tional constant and expressed it covariantly.5 As stated by Maartens (2011) CMB isotropy
for all observers leads to an FLRW metric in that region if:

• collisionless radiation is exactly isotropic,

• the radiation 4-velocity is geodesic and expanding, and

• there is dust matter and dark energy in the form of L, quintessence or a perfect fluid

This does mean that the isotropy of the CMB can lead to an FLRW metric, provided one
adopts the Copernican principle. If an observer views the CMB as isotropic all multipoles
beyond the monopole must vanish, and so must their time derivatives. A stronger version of
the EGS theorem only demands that the first three multipoles — the dipole, the quadrupole,
and the octopole — of the collisionless radiation must vanish (be isotropic) for it to hold
(Ellis et al., 1983).

Such a result is sufficient to establish the homogeneity of our observable universe
because having an FLRW geometry restricts the observable evolution. Since the Friedmann
equations (2.5) and (2.6) describe how the dynamics on that time slice work they also
enforce the appropriate evolution, which remains FLRW. This is true with the caveat that
no contributions from the unobservable universe, that are unaccounted for, have a diverging
influence and that the scale factor is fully characterised by a quantity behaving similarly to
dark energy, which means that it is the sole driving force behind the accelerating expansion

5See references in Maartens (2011), for a full treatment of the proof see Ellis et al. (2012).
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of the universe. This is vital because of the way that matter couples to spacetime in the
theory. Any inhomogeneities will always lead to diverging rates of expansion, as locally,
masses will be resisting the expansion to different degrees. Therefore, this strategy can
establish homogeneity, if one adopts the Copernican principle. Notice that the same is not
true for isotropy alone; observing an isotropic CMB, does not necessitate that the isotropy
will remain in subsequent time slices. The result will depend on the general spacetime
metric of that region, as isotropy does not constrain the entire metric.

Undoubtedly, though, as was discussed before in this chapter, the CMB is not completely
isotropic. What astronomers might be able to show is that the CMB is statistically isotropic.
This requires changes to the EGS theorem and slightly different assumptions (Stoeger et al.,
1995; Maartens et al., 1995). As stated in Ellis et al. (2012) CMB almost-isotropy for all
observers leads to an FLRW metric: "In a region of an expanding universe with cosmological
constant, if all observers comoving with the matter measure an almost isotropic distribution
of collisionless radiation, and if some of the time and spatial derivatives of the covariant
multipoles are also small, then the region is almost FLRW." This theorem only assumes
that radiation has perturbations and shows that the metric can be shown to be perturbatively
FLRW. The biggest difference with the previous result is that the derivation of this theorem
requires that on every step not only the multipoles are zero, but so are their derivatives in
time. That is not something that is directly testable and thus, has to be assumed (Räsänen,
2009; Clarkson et al., 2003). In principle, using the Copernican principle it might be
possible to show that since all observers see small multipoles, then their derivatives are also
small, however, this remains an open issue (Ellis et al., 2012). Moreover, perturbed FLRW
solutions are not necessarily stable, their evolution in time might lead to different spacetime
geometries, depending on the perturbations. The statistical isotropic EGS theorem is
weaker but describes a more realistic universe, however, the assumption of the Copernican
principle remains a necessity, and as such it is unable to provide conclusive evidence for
the cosmological principle.

3.5 Tests of Homogeneity using the Cosmic Microwave
Background

Adopting the Copernican principle might be desirable in some camps, but as discussed in
§2.4, any justification for it is far from being unequivocally convincing. Testing the homo-
geneity provided that the isotropy of the CMB is established is, therefore, the natural next
step for the cosmologists who want to ground the cosmological principle in observations.

The tests are additionally significant because explaining the observed isotropy and
uniform throughout space accelerating expansion of our universe is not only possible through
an FLRW universe with an assumption of a vacuum energy. Alternative spacetime models
have been developed, such as the Lemaitre-Tolman-Bondi (LTB) universes. These models
also predict isotropy around our position, but one that is generated by the Earth being
situated near the centre of the matter distribution. The inhomogeneity that they suggest
is only in the radial direction, the one that defines distance in spherical coordinates. LTB
models aim to explain the expansion through the inhomogeneity of the matter distribution,
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foregoing the need for dark energy. The success of the FLRW family of models, especially
with the introduction of the perturbed variation that incorporates the statistical formulation
of the cosmological principle, has relegated other models to the periphery of mainstream
cosmological literature. Some LTB models, however are still considered viable alternatives.

Despite the difficulties outlined in §2.3, cosmologists have suggested a multitude of
tests, with various assumptions, in order to find the best way to empirically check the
homogeneity of the universe, in an independent way. The first type of test considers the
relationship between the luminosity of standard candles and the expansion rate to construct
a test of the curvature (Clarkson et al., 2008). In flat FLRW geometry, the radiation will
only feel the effect of the expansion rate as it follows its null geodesics. This test hinges
on the accuracy of the standard candles used, to calculate distances. Today supernovae
are considered the most reliable, thus such tests can be potentially conducted in the future
(Ellis, 2018). Another suggested test utilises redshift time drift — how redshift changes
over time — and compares it to the Hubble rate (Uzan et al., 2008). The biggest issue
here is determining the Hubble rate and the ages of objects independently and accurately
(Clarkson, 2012). The independence and potential circularities in these tests will not be
considered here, however, it might be beneficial if conducted in the future.

Specific tests utilising the isotropy of the CMB as a starting point have also been
suggested. They utilise the Sunyaev-Zeldovich (SZ) effect, that is the interaction of the
CMBR with high-energy electrons, usually found in the regions of ionised gas of large
galaxy clusters. They interact either thermally, because of the electrons’ temperatures, or
kinematically, because of the galaxy cluster’s velocities, resulting in the CMBR scattering
again (Sunyaev & Zeldovich, 1972, 1980). The SZ effect is usually utilised to study the
properties of galaxies, because of the distortions it can cause to the CMB spectrum. In
principle, though, the inverse can also be applied, to observe the effect. If one knows the
properties of the galaxy cluster one can study how the SZ effect causes a reflection of the
CMBR into our light cone, essentially acting as a giant mirror, offering a view of the CMB
from another position in spacetime (Goodman, 1995). Figure 3.6 provides an illustration
of the effect.

The tests work because any anisotropies that get reflected will leave specific signatures
in our CMB sky. For the purposes of illustrating the effects imagine an alien observer who
lives on the galaxy cluster that can act as a mirror for the Earth observer, so in 3.6 the
alien lives on the spacetime point of the first scattering and the Earth observer is in the
primary observer’s spot. When the CMB gets reflected from the alien’s galaxy cluster, it
will provide the CMBR with an energy boost, as per the thermal SZ effect, changing the
observed number of photons at each frequency. This will change the CMB spectrum in
a way that can be predicted by astronomers and thus, removed as part of the systematics.
The major contribution of the thermal SZ as it results in energy-boosting radiation is on the
monopole, making it unhelpful for testing, aside from identifying the locations of galaxy
clusters through the spectral changes.

The kinematic SZ effect, on the other hand, is induced by the scattering of an anisotropic
CMB — the alien observer views an anisotropic CMB — caused by the alien’s local
movement relative to the frame in which they could have seen the CMB as isotropic. This is
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the same anisotropy we expect on our CMB sky since in our local rest frame we do not view
an isotropic CMB. Therefore, provided that the galaxy cluster is not at rest relative to the
CMB rest frame the new scattering will exhibit the kinematic SZ effect. The local velocity
will cause a dipole contribution in the reflection that needs to be considered when compared
with the expected CMBR. If the alien observer views anisotropic CMBR the radiation will
appear distorted in the blackbody spectrum we observe in our CMB, showcasing a difference
in temperature within the patch of the sky that is reflected (Clarkson, 2012). Because two
different temperature black body radiation spectra cannot be summed to form another black
body spectrum, the effect can be observed (Chluba & Sunyaev, 2004). The kinematic SZ
effect does not affect the distribution function of the radiation, in contrast with the thermal
SZ effect, instead, it only changes the observed temperature of the black body spectrum.

Figure 3.6: The CMBR in our past light cone can be reflected by galaxy clusters inside our light
cone and to our line of sight. Figure taken from Clifton et al. (2012).

This test was first suggested as a way to constrain the radial inhomogeneities of models
with the LTB metric. Any radial inhomogeneities are expected to show up as specific
distortions caused by the kinematic SZ effect, since other positions in spacetime, away
from the centre, should not view an isotropic CMB, even when the contribution of their
motion relative to the CMB rest frame is removed. Several papers have made use of the
effect to show that models that rely on anisotropic expansion caused by inhomogeneity in
the late universe, even though the early universe was homogeneous, are mostly untenable
(Caldwell & Stebbins, 2008; Zhang & Stebbins, 2011). These models predict that the
kinematic SZ effect would be significantly more intense than the latest observations show.
Effectively, this leaves only LTB models that are inhomogeneous in the early universe as
credible options. Some cosmologists argue that this result largely resolves the issue of
the Copernican principle (e.g. Ellis, 2018). While these tests heavily restrict previously
considered viable alternatives, they do not provide direct confirmation of the principle,
though, as will be discussed in §4.4, it is a way to make progress.
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The next step is to ask if there are direct tests one can conduct using the SZ effect. Putting
restrictions on radially inhomogeneous models is achieved by assuming the background
geometry and then testing if observations are consistent. This means that while the model
can fail, succeeding does not entail proving the hypothesis. The same is true for using this
test in FLRW geometries. Therefore, a generalisation of this test is necessary for a generic
spacetime geometry. As was described above, for the Earth observer, the isotropic CMB is
indistinguishable from a reflected CMB, provided that the alien observer viewed the CMB
also as isotropic. If astronomers know where the SZ effect is supposed to occur in the CMB
sky, they can check whether the observations correspond. The location of the effect can
be known through a combination of independent knowledge of the galaxy cluster and the
presence of the kinematical and thermal effects, which will leave some form of imprint, on
our CMB sky. In order to check whether the black body spectrum of the CMB is recovered,
the thermal SZ effect and the kinematic SZ effect based only on the galaxy cluster’s velocity
will need to be removed. If the CMB is anisotropic, as observed by the alien observer on
that galaxy cluster, even after removing the dipole, a different signature of the kinematic
SZ effect will be left (Clifton et al., 2012). If the CMB is recovered, however, the alien
observer has to have viewed an isotropic CMB, otherwise, a temperature difference in the
region the cluster resides in our sky would be apparent. This test is enough to, therefore,
establish isotropy of the CMB at another point in spacetime, from a single observational
standpoint.

This is not enough, however, to deduce an FLRW geometry. At best what is shown here
is that there is CMB isotropy around two points in spacetime. As argued in §3.4, we can
use the EGS theorem, to generalise the result. The theorem, though, is only valid provided
all the observers in a region view the isotropic CMB. For this result to be generalised there
are two distinct possibilities (Clifton et al., 2012). Either the observer can observe the CMB
for an extended period of time, enough to get information about all observers in a spacetime
region, covered by our past light cone. If there is no evidence for an additional kinematic
SZ effect then, that region and its causal past must have an FLRW geometry. On the other
hand, if one observes CMBR that was scattered more than once, as illustrated in figure
3.6, it is sufficient to establish FLRW geometry for the whole of our causal past. This is
because the alien observer (primary scattering) can only view an isotropic CMB and reflect
it as such, only if the secondary scattering was also isotropic. If it was not there would be
a distortion in the alien observer’s sky which would then be reflected in our sky. One can
then imagine this double scattering occurring throughout our past light cone demonstrating
the isotropy of the CMB in an infinite regressive cycle that covers all observers in the past
light cone.6

This result while significant, as it allows a single observer to test homogeneity, is highly
idealised. It only concerns a perfectly isotropic CMB and it assumes that either double
scattering is detectable or that the CMB can be observed for a long time. Furthermore,
the spectral distortions caused by SZ effects are difficult to differentiate from other causes.
These results, nevertheless demonstrate that there is potential in attempting to establish
homogeneity even from the single point in spacetime we occupy, without falling into a

6Proof can be found in Clifton et al. (2012).
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circularity. In the end, the tests suggested are idealised but that does not preclude future
improvements in cosmology from allowing them. If all else fails, tests can still be conducted
on specific models considered viable alternatives to FLRW cosmology to determine if they
agree with CMB observations.
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Chapter 4

Knowledge in Cosmology and its Limits

4.1 Averaging and Fitting in General Relativity

The threats of circularity in cosmology are amplified by two interrelated problems. These
issues arise from the nature of the observations and the underlying theory of cosmology,
namely general relativity. Averaging and fitting put certain restrictions on the statements
that can be made about the cosmological principle and on the possible tests that can be
conducted.

4.1.1 Averaging

Defining homogeneity and isotropy in a way that makes them observable demands certain
presuppositions. As mentioned in §2.3, idealisations are always necessary when conduct-
ing astronomical observations, especially when observations need to be comparable. This
becomes relevant in the homogeneity and isotropy discussion because we cannot define
them in a meaningful way without a sense of scale unless one considers them valid on all
scales, a position not even the most staunch defenders of the principle can hold because
of local inhomogeneities. If one attempts to showcase isotropy they need to demonstrate
that the observer views the same thing in every direction. This raises the question of how
much angular rotation is sufficient to constitute a new direction, essentially what is the
minimum possible rotation? The answer is that no specific metric can prima facie give that
information. For isotropy, one could argue that the angular difference of the highest resolu-
tion telescope can set up the constraints in observational cosmology. In homogeneity, such
restrictions become less clear because of our inability to compare observations separated
by spatial translation. As such we need to establish a notion of scale, large enough, for
which our observations could be compared and then check on which scales the principle
holds. Cosmologists often claim that homogeneity is well-established for scales above 100
megaparsecs (Mpc) and is challenged on scales above 60 Mpc (Aluri et al., 2023).1 The
scale is volumetric and is reconstructed on the past light cone using different angular scales
depending on the distances from the given slice, thus, the further back in time the signals
arrive from the more redshifted they are and the smaller the angular scale that is considered.

1For reference, the observable universe is 28.5 gigaparsec or 285 times larger than the scale usually employed
and the Milky Way galaxy is 0.027 Mpc.

45



Comparisons can be made on lower scales but isotropy and homogeneity generally fail
according to observations.

While the cosmological community maintains the validity of the cosmological principle
above 100 Mpc is confirmed, there appear to be some inconsistencies. Observations have
pointed to the existence of structures that are potentially far bigger than the purported scale
on which homogeneity holds. The most famous example is the Sloan Great Wall which
spans around 420 Mpc, though even larger structures have been reported. This clustering
of matter that extends beyond the considered scale means that certain sections of the sky
will have the presence of more matter and as such create an observed inhomogeneous
distribution of matter. Initially, the existence of such structures has called into question
the validity of the scale, however, physicists maintain that such structures can still be
accounted for within a statistical homogeneity framework. This is because such structures
can be statistically expected and singular instances like these do not necessarily violate the
principle (e.g. Nadathur, 2013; Marinello et al., 2016). The claim is that homogeneity can
only be discussed in an averaging sense, and as such, the universe can at the very least be
treated as statistically FLRW, with the existence of some fluctuations.

The concept of averaging, however, is not unproblematic in general relativity. When
astronomers set up a scale, essentially what they do is cut patches of the 2-dimensional sphere
surrounding the Earth, with the dimensions of the said scale. In order to make comparisons
between the patches they will average the observables of what is contained within the
section. Averaging a part of the sky is not trivial, though. This is because the Einstein field
equations are not linear, as mentioned before in §2.2, because the curvature of spacetime
affects the distribution of mass and energy, which in turn affects the curvature itself, creating
what is called backreaction. Averaging nonlinear equations is usually problematic as the
results will not be representative of the actual behaviour of a system, since the small-scale
effects that are hidden by this coarse-graining process might have a significant influence.
This means that transitioning between small local scales, where general relativity is also
meant to hold, to larger scales can be problematic.

In order to show this, one can define averaging as applying an operator A to both
sides of the Einstein field equations, changing the geometry through a change in the metric
glocal
µν → gavg

µν and the energy stress tensor T local
µν → T avg

µν . This transforms the Einstein field
equations (2.1) to

Rµν − 1

2
gµνR = 8πGTµν + Eµν (4.1)

The nonlinearity creates an additional term because the two sides of the equations do
not commute after the operator is applied to both the geometry and the matter. The term
represents the effect of local inhomogeneities on larger scales through this backreaction.
Beginning from a local inhomogeneous metric and progressively smoothing would be the
ideal scenario for establishing the metric of the universe, but as equation (4.1) showcases it is
problematic. One could bypass the averaging problem by fixing the background, but this is
an ambiguous process in general relativity as spacetime itself is dynamic, so it does not offer
a non-trivially obtained background on which one can easily define averaging. Assuming a
uniform global curvature, such as by imposing the cosmological principle, fixes the issue but
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is problematic as it imposes the FLRW metric in a local setting where it clearly does not hold.
It appears relatively difficult, therefore, to define in a non-circular way averaging in general
relativity. There are efforts in the literature on defining averaging in a general way, but
there is no consensus among the community (e.g. Buchert, 2000; Gasperini et al., 2011).
The inability to define averaging hurts the ability of cosmological models to transition
between scales, creating circularity threats at larger scales, since testing for homogeneity
and isotropy even at larger scales assumes that the local effects are inconsequential.

4.1.2 Fitting

The alternative way to showcase the validity of the cosmological principle and the one most
favoured by cosmologists is to assume homogeneity and isotropy and use perturbation theory
to explain the inhomogeneities. Cosmologists admit that the universe is lumpy and as such
does not exactly correspond to the FLRW model, but choose a solution that best matches
it at large scales, a situation that is also known as the fitting problem (Ellis & Stoeger,
1987). The issue here is that there is not necessarily a singular best fit and even if the best
fit is found its physical status is not guaranteed, as cosmologists are always trying to fit into
an exact solution of general relativity, which might not be the actual state of the universe.
Fitting is not an objective process, and it does involve a threat of oversimplification, for the
sake of obtaining the desired result. Even if observationally, we obtain a successful model,
such as the current standard model of cosmology, it is unclear if the best fit simply ignores
local but important dynamics. That in turn might be what forces us to postulate entities that
fix observational discrepancies such as cosmic inflation, dark matter, and dark energy. This
concern is amplified by the fact that FLRW models are one of the few exact solutions to
the Einstein field equations. When this is coupled with the preference for FLRW solutions
shown historically, as expounded in §2.1, the fitting process comes under scrutiny.

In order to consider a realistic metric one might compare an FLRW metric gµν to that
of an FLRW metric with a small perturbation ḡµν = gµν + hµν . To demonstrate this,
consider figure 4.1, illustrating the example by Green & Wald (2014). For observers living
on the surface of these shapes the higher the number of surfaces the left shape has the
more its metric will converge to that of the sphere. Even if the metrics are arbitrarily close,
however, there is nothing that guarantees that all other observables will also be converging.
The curvature of the two shapes will differ, as the sphere has a uniform curvature whereas
the shape has a flat curvature on each surface that abruptly shifts when moving from one
surface to another.2 This is because even if a metric perturbation might be small its second
derivatives, which determine curvature, can be large. Thus, any observables that depend on
higher derivatives of the metric have a dubious physical status even if the background fits
well to the real universe (Smeenk, 2020). This will be further clarified in §4.4.4.

The existence of large-scale structures in the late universe translates to significant
fluctuations in the matter density. As the equations of general relativity dictate the clumping
of energy and matter, that will determine the local geometry, which in turn, will affect the rate
at which the universe is expanding. This backreaction is sometimes cited as an alternative
to dark energy (Buchert & Räsänen, 2012). Others disagree, however, claiming to show that

2In the example the boundaries are rounded, for the shape to remain continuous.
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Figure 4.1: On the left there is a convex polyhedron with many uneven surfaces and on the right
there is a sphere. The fitting problem is whether the right image is a good fit for the left one. Figure

taken from Green & Wald (2014).

small-scale inhomogeneities are not sufficient to disturb the overall observed metric, and the
large-scale dynamics (Green & Wald, 2011). While the significance of backreaction remains
an open debate within cosmology, it is important to realise that averaging is exceedingly
difficult, without an FLRW assumption, as without having the full distribution of matter
and energy modelled one cannot be certain how the variations in the underlying spacetime
will have an effect on the result (Clarkson et al., 2011). If one argues that the backreaction
is irrelevant they already do it from a standpoint that accepts the cosmological principle
and treats the inhomogeneities as perturbations. The only way to perform an unambiguous
fitting procedure is to begin from an inhomogeneous metric and iteratively smooth it out.
As described in §4.1.1 that is a challenging task.

This situation creates further concerns about the use of consistency tests of the cosmo-
logical principle. These checks are essentially fitting processes where the quality of the
fit is judged. The isotropy checks conducted on the CMB by the Planck collaboration, as
expounded in §3.3.4 are of this nature, as well. Demonstrating the isotropy of the CMB
is the fitting of the statistical fluctuations of the CMB to the theoretically predicted results
of the simulations of the standard model of cosmology. It is, thus, difficult to concretely
establish whether divergences from the standard model predictions, for example in the CMB
case, are an artefact of fitting a realistic universe to an exact solution of general relativity or
if the tensions are genuinely physical, which makes the model’s physical status also dubious.

4.2 Observations in the Real Universe

Living in a lumpy universe also affects the way that signals propagate through spacetime.
As mentioned in §2.3, much of the current understanding of astronomical entities is model-
dependent because the signals are understood on the basis of models. In particular, the
most common assumption is that the signal travelled through an FLRW geometry to reach
the Earth, thus through a homogeneous and isotropic matter distribution with uniform
curvature. Signals, however, encounter all kinds of local inhomogeneities during their
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journey that affect their properties and in turn the state in which they are received, creating
questions surrounding the reliability of our conclusions based on the observations.

In cosmology, observations are primarily of electromagnetic radiation. The geometry
determines the null geodesics that the radiation follows, which are the shortest possible
distance a photon can travel on the given geometry of the manifold and the path it follows
if there are no external influences. The geodesic equation in general relativity defines a test
particle’s movement through a given spacetime as

d2xλ

dτ2
+ Γλ

µν

dxµ

dτ

dxν

dτ
= 0 (4.2)

where τ is the proper time along the geodesic. The Christoffel symbols Γλ
µν are also known

as the connection because they allow us to transfer vectors from one point of the manifold
to another in order to compare them. They are given in terms of the metric tensor gµν as

Γλ
µν =

1

2
gλρ (∂µgρν + ∂νgµρ − ∂ρgµν) (4.3)

Substituting the FLRW metric, as given in equation (2.2), produces a series of equations
that define a particle’s path in the four dimensions of spacetime. Different geometrical
structures give different null geodesics, which can lead to different reconstructions of the
3d universe from the 2d sky we observe.

Additionally, observations can be conducted on different scales, where local inhomo-
geneities might have a small influence on signals that are measured on large angular scales,
provided that the model used is a good fit for those scales. Inhomogeneities in the radiation’s
path cause lensing, which can produce shear and distortion of the signals. An attempt to
study the effects of light propagation in such geometry was treated with the Swiss-cheese
model, a universe with an FLRW background geometry where Schwarzschild solutions of
singular masses are added (Fleury et al., 2013). The authors found that observations of
this model and an FLRW geometry converge the higher the cosmological constant Λ is.
In principle, however many of the "apparent" parameters can differ substantially from the
"background" ones.

Another aspect that must be considered in light propagation is the redshift z of the
observed wavelength λobs, in comparison with the emitted wavelength λem, given by

z =
λobs − λem

λem
(4.4)

The redshift term depends on the expansion of the universe, which stretches the radiation
as it is propagating through space. The Hubble parameter quantifies the rate of expansion
of the universe. For a scale factor a as in the FLRW equations (2.5) and (2.6)

H(t) =
ȧ(t)

a(t)
(4.5)

Modern cosmology faces the so-called Hubble tension because the Hubble parameter today
H0, when calculated from early and late universe data, differs. Because of the isotropy of
the expansion, the redshift z is isotropic, affecting all propagating radiation, and can be
calculated as
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1 + z =
a(tobs)

a(tem)
(4.6)

An instance of the necessity of these idealisations using FLRW models can be seen in
cosmological distance calculation, which allows for certain isotropy and homogeneity tests.
Determining the distance of the object at the time of emission generally, requires imposing
a background geometry. The luminosity distance DL is defined through the relationship
between the observed flux F — energy per unit of area — and the intrinsic luminosity L of
a source:

DL =

√
L

4πF
(4.7)

The observed flux F depends on the amount of energy per unit of area A which is
directly influenced by the number of photons that are being detected. In an FLRW universe,
each photon is redshifted by a factor of (1 + z) and two photons emitted at a time interval
t will be measured with a time interval of (1 + z) because of the expansion of the universe
(Carroll, 2019). Thus,

F

L
=

1

(1 + z)2A
(4.8)

A different expected redshift would have produced different results.
In the case of standard candles, where the luminosity is known it appears that the issue

can be solved. While this is true, standard candles have limited applicability, as they can
be difficult to identify and are not present in all eras of the universe. Astronomers and
cosmologists are increasingly confident that certain standard candles, such as supernovae
type 1a, can be considered truly reliable indicators of distance (e.g. Ellis, 2018). As
mentioned in §3.5, some tests of homogeneity have been proposed utilising them that might
be possible in the near future and they are considered a great probe into the expansion rate
of the universe (Clarkson, 2012).

4.3 The Methodology and Aims of Cosmology

4.3.1 Modelling in Cosmology

Despite the concerns of idealising observations (§4.2) and fitting (§4.1.2), the standard
model of cosmology ΛCDM is remarkably successful at fitting the observational data with
incredible precision. The main aspects of the model are its underlying theory framework
being general relativity with an FLRW metric, the cosmological constant Λ and the matter
contents of the universe: ordinary matter and dark matter. It is characterised by six free
observable parameters and six fixed parameters. The specific choices of those parameters
that make up ΛCDM can account for most observations in the larger scales of the universe.

Historical development of cosmological models followed the trajectory of the cosmo-
logical principle, as laid out in §2.1, with constant revisions to fit new observations to the
models. As observations improved, FLRW models were not capable of accounting for many
observations using just ordinary matter, which led to the additions of dark matter and dark
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energy in the theoretical framework. The observed anomalies were absorbed in the model
with certain modifications, which on a Popperian reading can be seen as an unscientific
process of ad hoc redefining terms and adding auxiliary hypotheses to save the underlying
modelling assumptions, such as the cosmological principle (Merritt, 2017). Even Karl
Popper himself denounced the Big Bang cosmological models because he considered them
unfalsifiable, though prior to the emergence of ΛCDM (Kragh, 2021). The idea here relates
to the fitting problem in §4.1.2, as there is always going to be a fit, the question transforms
to how bad must the fit be for a model to be falsified.

In many ways, however, this back and forth is the process of modelling in physics.
The model is constructed with some presuppositions about the initial conditions and the
dynamical evolution, subsequently, it is compared to the target object, and if necessary
modifications are applied, in essentially a feedback loop. Part of the criticism hinges on these
additional postulations being ad hoc, and themselves unfalsifiable. That is not necessarily the
case, however, because methodologically historical sciences, such as cosmology, function
differently compared to standard experimental practice, something that will be further
argued for in the following part §4.3.2. Another argument that is utilised by cosmologists
to sidestep the unfalsifiability criticism is that there is a convergence towards a result in
the fitting process. ΛCDM is a model that can account for most of the observations in the
cosmological scales with only six parameters. It has unrivalled simplicity compared to other
cosmological models, owing to some extent to the cosmological principle, is continuously
verified with new cosmological data — if one ignores issues such as the Hubble tension and
the Lithium problem —, and there is an absence of genuine alternatives that are not lacking
either empirically or in some other theoretical virtue.3 This type of convergence argument
has been criticised in the literature because it ignores the tensions and while the convergence
of the parameters follows from a multitude of different observations the parameters are not
established independently of one another, creating holism concerns (Merritt, 2017).

Cosmological models have faced another line of criticism, stemming from the object
of study being the whole universe. Several authors have pointed out there are conceptual
problems with utilising the modelling methods of physics for the totality of the universe
(e.g. Torretti, 2000; Fernández-Cobos, 2021), in addition to the issue of the universe being
a unique object, the only member in its class (Smeenk & Ellis, 2017).4 Cosmology as a
discipline has often faced these kinds of debates and its scientific status has been questioned.
The arguments above, however, are not necessarily effective when one takes cosmological
models for what they are, models of the large-scale dynamics of the observable universe.
Models that, in principle, should be allowed to have margins of error as they are concerned
only with the larger scales and not with the totality of things, allowing for fitting and a
statistical understanding of the model. Cosmological models are not supposed to account
for every single detail of the universe through their descriptions. They are exact solutions

3Modified Gravity advocates would likely disagree with this point as they see their approach as the one
appealing to simplicity (Martens & King, 2023).

4The first problem has several ways that it can be understood and the literature is generally opaque about it.
Some of them are: (i) a conceptual criticism that focuses on the fact that standard notions of modelling are not
applicable since we cannot step outside the system to study it, (ii) a totality criticism since models are simplified
descriptions of a target system, a cosmological model cannot account for the whole of the universe. In this thesis
I only respond to the second reading.
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to the Einstein field equations and, thus, can be valid to the extent the theory is valid, as is
the expected behaviour of most physical models. The uniqueness of the universe remains
a thorny issue, however, as a historical science, cosmology is not the only discipline that
deals with a singular member of a class, something that will be further discussed in the next
part §4.3.2.5

Understanding that the role of cosmological models is to describe large-scale dynamics
dilutes some concerns about the field of cosmology and the threats that certain circular-
ities pose. This understanding of cosmological models is not universal and the standard
model has drawn criticism because it has issues with downscaling, where modified gravity
theories are considered better at explaining observations because there is over-reliance on
idealisations and simulations (Massimi, 2018). This is amplified by the poorly understood
transition of scales as seen by the averaging problem in §4.1.1. Such an issue is of secondary
importance, however, because the primary goal of cosmology is large-scale descriptiveness.
It justifies the scale in which the cosmological principle is employed as it is perfectly accept-
able to expect the principle to only work on those scales that the model is descriptive. This
raises several questions about the nature of cosmological models and the type of knowledge
they impart. The answers to these questions are defined by the types of data that cosmology
has available and the ways it can employ them, which make cosmology one of the historical
sciences.

4.3.2 Cosmology Among the Historical Sciences

The historical sciences do not have a unified methodology, beyond employing traces of
the past to make inferences about the present. This feature, however, has been enough to
call into question whether they produce epistemic goods of the same level as experimental
practice (e.g. Hacking, 1989). Carol Cleland (2002) responded to these arguments, claiming
that the historical sciences can still test hypotheses, as is the standard practice in physics,
but by dealing with traces, instead of regularities. Such hypotheses unify the different
traces and create a consistent causal story, with a common cause. The greater the number
and diversity of traces the bigger the explanatory power of the hypothesis. In order to
break the underdetermination often found in such empirically constraint contexts, scientists
utilise smoking guns, traces that overwhelmingly suggest one interpretation. There are
alternative ways to understand the methodology of the historical sciences, one of which
is consilience, converging independent lines of evidence obtained from different methods
(Forber, 2011). Another suggestion is that of coherence, which suggests historical scientists
move beyond only looking into the relationships of traces by additionally investigating the
dependency relationships of the underlying processes that produce the traces (Currie, 2018).
All these different methodological interpretations can be seen as what Adrian Currie (2018)
suggests is "methodological omnivory", which implies a disunited image of science, made
of a patchwork of methods, evidence, and knowledge, reminiscent of the epistemological

5One can deny the uniqueness of the universe with a postulation of a multiverse theory, through, for example,
some inflationary model. While the existence of other universes is useful for discussing probabilistic thinking,
such as in debates of the Copernican principle §2.4, it does not resolve all issues. There are still concerns about
the empirical verifiability of the model when considering more than one universe. This is because, in principle,
other universes are inaccessible and nothing restricts them from having entirely different physics.
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anarchism of Paul Feyerabend (1993). Depending on the context the historical sciences
utilise the method most appropriate for the given situation. This methodological omnivory
can be seen as an asset in maximising epistemic gains when attempting to deal with the
issues that the nature of the historical sciences forces upon them.

Astronomy and cosmology share many of the problems of the historical sciences.
Working with traces means there is no way to manipulate and experiment on the objects
of study (Anderl, 2016). The traces themselves can be scarce, indirect, or completely
inaccessible. Furthermore, the problems of holism are relevant in all historical sciences as
they depend on the nature of traces, which frequently disallows the isolation of hypotheses
(Currie, 2018). In astronomy, specifically, several methods are used to overcome the
limitations of the historical sciences. One approach is to focus on considering statistical
properties as traces (Yao, 2023). Astronomers frequently average observables (§4.1.1), or
consider their statistical properties when attempting to uncover their underlying dynamics,
such as in the case of the CMB (§3.2). Another method employed in astronomy is the
ampliative use of simulations, which involves using results from simulations as additional
evidence alongside observations for testing hypotheses (Jacquart, 2020). In the literature
one feature is seen as unique in astronomy, what Sybille Anderl (2016) suggests as the
"cosmic laboratory". The cosmic laboratory refers to the unique situation that receiving
signals from our past light cone offers. Because traces arrive from many different spacetime
points, they are emitted from various sources, at different stages of their evolution, and in
different environments. This allows after the determination of the properties of one type of
astronomical entity to make predictions and check whether those predictions hold for other
members of the same class. These can be seen as features of methodological omnivory in the
historical sciences since scientists make use of any method available to them, including ones
unique to the field. From the perspective of cosmology, since most data is astronomical
in nature, these methods alleviate some threats of circularities that are present in other
historical sciences.

The uniqueness of cosmology among the historical sciences is tied with the problems
of studying the totality of all things, as explicated above §4.3.1. Studying an object that is
the only member of its class is not necessarily a unique feature of cosmology, as it depends
on one’s definition of class. For example, the Earth is one of numerous members of the
planetary class. There is, however, only one Earth; it is the sole member of the class of
planets that have the exact features of the Earth. This is important because geologists and
astronomers try to understand how specifically the Earth was formed and the traces they
utilise come from a singular realisation. Nevertheless, there are multiple traces of different
kinds and often repeating phenomena that give information that allows the reconstruction
of the explanatory account of the Earth’s creation. That, however, appears to not diverge
from the way cosmology is conducted, with traces from various sources, giving enough
information to reconstruct the large-scale picture of the universe. The only difference
between the methods of cosmology and those used in studying the Earth lies in the potential
to compare certain aspects of Earth’s evolution with similar planets, though, the Earth still
has unique features that distinguish its study from that of other planets. Even the uniqueness
of the universe is, therefore, under scrutiny, as truly unique and problematic. Reconstructing
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an explanatory account of the universe does not necessitate having predictive laws that can
be applied in various contexts, as is the case with standard models in physics. Since the
idea is to describe the causal chain that led to the present, it calls for a unique account of
modelling; one that does not depend on the universe being embedded in a larger system.
The models from the historical sciences, as seen from the example of the Earth, are different
from the models of standard physical practice but are still explanatory.

Predictiveness has a controversial role in the historical sciences. Some authors consider
it a vital part (e.g. Tucker, 2004) while others suggest it is largely ignored by the scientists, in
favour of explanatory value (e.g. Cleland, 2011). In many ways, traces function in a similar
way to predictions in traditional practice (Cleland, 2002). While we cannot formulate our
own controlled experiments the empirical data is still out there. They serve as the anchoring
point of a theory and from an explanatory perspective they are what the historical science
is attempting to explain. On the other hand, genuine predictions can also exist, though they
might be rarer, as they require something being predicted but be yet undiscovered. One
such example is the prediction of some Big Bang models that such an event would cause the
CMB at a specific temperature, something that was detected a few years after the theoretical
prediction (Partridge, 2019). A weaker form of prediction can also exist because the studied
natural phenomena might occur more than once or allow for observations at different points
in time, such as in the cosmic laboratory. In many instances, one could call features of
ΛCDM predictive in this weaker sense. Cold dark matter, for example, is expected to behave
in a certain way in the late universe to account for the rotation of galaxies. Evolving it
backwards gives us a series of predictions on its influence on early universe phenomena,
such as the CMB. The calculated physical density parameter of dark matter in the CMB
— as calculated by the Planck mission from its perceived effects (Planck Collaboration VI,
2020) — needs to evolve as described by the model so it matches the value observed in the
late universe.

These predictions are necessarily weaker than their experimental counterparts because
of the constraints placed by the nature of the traces, which are the empirical evidence in
this case. Looking into cosmology specifically it is apparent that explanatory value is
considered more significant than predictions. Predictions still play a significant role in
modelling, by suggesting new accounts, instead of falsifying. This explains why tensions
are considered problematic but do not outright result in the rejection of ΛCDM. Instead,
cosmologists continue to regard it as the best available explanatory framework for the large-
scale dynamics of the universe. The explanatory value is additionally a way to bypass
any circularity concerns. Provided that cosmology is creating an account of the universe’s
dynamics that is largely concerned with explaining, as well as possible, the observations
testing independently underlying assumptions might not be necessary.

Under this reading, understanding that cosmology is concerned with describing the
large-scale dynamics of the universe, and has the methodology of the historical science
diminishes some circularity concerns. The historical sciences are generally speaking more
concerned with explanatory value, thus making testing the cosmological principle a second-
ary concern. The circularities found in the isotropy checks (§3.3) and those that idealising
observations create (§4.2) can make the cosmological principle impossible to test. Provided,
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however, that holistically the underlying model is the best available description, their im-
portance is relegated. Fitting (§4.1.2) can be understood as a part of the methodology of
the historical sciences, by creating a unified account that can be seen both in the consilience
and common cause search. Questions about the exact transition between scales (§4.1.1)
can also be seen as less consequential because cosmological models are only meant to
describe the larger scales. All these do not mean that testing should be completely ignored,
nor that the concerns of averaging, fitting, and idealising observations become completely
inconsequential. After all, part of the deal of methodological omnivory is making use of
every tool available to cosmology, in order to achieve progress. With the improvements
in methodologies, data quality and so forth avoiding some of those circularities might be
possible and this will be discussed further in the following section §4.4.

4.4 Making Progress in Cosmology

4.4.1 How Do We Make Progress?

In order to ascertain whether cosmology is a successful science, one can employ the metric
utilised by much of the general philosophy of science in the twentieth century: assessing if
cosmology is making progress. Progress in science is generally considered an improvement
to the knowledge we have and acquiring more of it. There is a wide variety of accounts
in the philosophy of science literature about what exactly this progress entails, including
getting closer to the truth, attaining more knowledge and better understanding, and ideals
such as unification and simplicity.6 Quantifying the progress of historical sciences is itself a
complex topic, as not having a clear unified methodology would suggest (§4.3.2). Cleland,
in her accounts of the historical sciences, implies that progress is achieved through the
rejection of rival hypotheses by finding the best explanation, usually through a smoking
gun. Currie (2014), on the other hand, argues that there is a more complex process of
synthesising simple narratives, with minimum causal detail, into complex narratives. These
different understandings oppose the linear historical account of the evolution of science (e.g.
Kuhn, 1975; Popper, 1959; Lakatos, 1970), with a much more pragmatic account. They
identify science as a much more complicated process, progressing pluralistically, indirectly,
and not necessarily with fixed goals.

Such an account can be supplemented by the operational coherence ideal defended by
Hasok Chang (2022). He defines a coherent activity as one that "is well designed for the
achievement of its aim, even though it cannot be expected to be successful in each and every
instance". Operational coherence is about utilising procedures appropriate to the target task
at hand. In the context of making progress partaking in these acts can lead to an iterative
epistemic process that results in changes in many domains including methodologies, aims,
and ontologies. This iterative progress has a plural character and depends on the specific
context of each science, making it unique for each discipline. Epistemic iteration involves
successively improving knowledge, from potentially unstable foundations, by building on
the previous stages, in an effort to achieve the relevant epistemic goals.

6For a review see Niiniluoto (2024).
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Creating cosmological models can be categorised as a coherent activity, where the
aim of describing the universe brings together different methodological and theoretical
strands. They integrate fundamental theories — particle physics and general relativity —
without creating a new unified fundamental framework (de Baerdemaeker, 2020). It utilises,
similar to standard practices in physics, underlying theoretical frameworks and integrates
empirical evidence. It, however, also has a different way of conducting its tests and is
more concerned with a unified explanatory framework than precise empirical consistency.
Progress in cosmology can come in different ways if it is considered with the pragmatic
notions of progress. It can be defined through improving the constraints of the model and
of the specific events iteratively, through an eliminative process of alternative models, and
through the suggestion and discovery of new physics.

Iterative epistemic improvement in cosmology can be seen as the cyclical process iden-
tified in its modelling (§4.3.1), just as in most processes of modelling in physics. That is
beginning with the original hypotheses, comparing them with observations through simu-
lations and modelling, and reformulating the hypotheses to construct a better explanation
(§2.1). The ad hoc nature criticism of the cosmological models can instead be more realist-
ically viewed as the recognition that we cannot capture a physical system perfectly from the
first attempt. Postulating entities, such as dark energy and dark matter is necessary in order
to construct a better explanation. The commitment to ΛCDM, or even the cosmological
principle, might be taken here as no real iterative progress in the last few decades, but that is
not true. The cosmological principle itself has evolved and so have the models it inspired.
While the commitment to it may require change, as will be discussed in §4.4.4, there has
been progress using it, progress that might demand that the principle be abandoned.

Additionally, there is development in the methodologies, reflecting the methodological
omnivory (§4.3.2), which results in the iterative progress of the models. This progress comes
in the form of better constraints on the parameters and clarifying the tensions, highlighting
which demand explanations. Taking advantage of all the available epistemological tools
to achieve the best outcome is apparent in the simulations and isotropy checks, in sections
§3.3.3 and §3.3.4. Several consistency tests are performed on the data, that are processed
and checked carefully. The tests exhibit remarkable consistency across the different methods
and match well with the underlying hypotheses. What few inconsistencies are observed
have been at the forefront of cosmological research in order to find resolutions for them.
All these models and tests have been improved through years of iterative development that
comes both as new proposals and as suggestions for improvements. This is something
that is true for the whole Planck collaboration, including the many different aspects of
the mission that have not been covered in this thesis, and of which figure 3.6 does not do
justice. Many of the decisions within the Planck collaboration were guided by work selected
from earlier publications, among numerous suggestions, which received broad approval and
support from the cosmological community, as well, as improvements from the previous
missions of COBE and WMAP. Therefore, there is a massive collaborative effort trying
to minimise errors and maximise epistemic gains as much as possible. These algorithmic
and methodological improvements occur within the community, from researchers working
years on the same issue, resulting in iterative epistemic gains in understanding the CMB
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and by extension the cosmological principle and ΛCDM.
Eliminative reasoning is another potential tool that can be utilised in cosmology. It

partly reflects how Cleland (2002) understands the methodology of historical sciences of
adopting the best explanation, but also more traditional accounts of progress where the
accepted framework is the one that is more effective in solving problems (e.g. Laudan,
1978; Kuhn, 1975; Lakatos, 1970). In cosmology describing the large scales of the universe
consistently requires an exact solution to the Einstein equations, one that can be fitted with
the data from the observable universe. Throughout the years, many cosmological models
and variants of the cosmological principle were discarded because they did not fit well with
the data and did not provide a better explanation, for example, the steady-state model §2.1.
The use of various tests, in contemporary cosmology, to constrain and rule out other models,
such as the promising LTB models was illustrated in §3.5. Eliminating alternative models
can happen either on the basis that they do not fit the empirical data sufficiently well — by
having more tensions than alternatives or being completely incompatible with certain traces
— or through being a substantially worse explanation. For the latter, several epistemic
virtues might come into consideration. Some alternatives, such as the early-universe-
inhomogeneous LTB models, though considered less desirable due to their complexity,
remain potential choices. The best way to eliminate such alternatives is further testing and
new data that rule them out completely.

Suggesting and validating new physics is an additional way of making progress in terms
of fruitfulness, as it provides new avenues of research. In the past few decades, research into
dark matter and dark energy has proliferated, resulting in various models and conceptual
understandings. New physics can be understood as resulting in both iterative and eliminat-
ive progress. The former in the sense that similarly to the models that suggest them, they
are continuously debated and refined to be a better explanation by unifying all available
evidence. The latter appears through the elimination of various models, for example of dark
matter, through different experiments completely independent from cosmology. Concerns
arise, though, because dark matter, for instance, has been a framework that has been part
of the standard cosmological models for decades but it has not been conclusively estab-
lished. Unless, however, better alternative accounts arise either of physical entities or of
cosmological models that do not require dark matter, there is little reason to abandon the
endeavour. Such a position has been supported in the literature, as well, when considering
the challenges of dark matter in small-scale simulations (de Baerdemaeker & Boyd, 2020).
Until simulations are comprehensive enough physically that the empirical inadequacy be-
comes unjustifiable or we reach our technological and practical limits de Baerdemaeker
& Boyd (2020) suggest we should keep being patient. Establishing the new physics that
ΛCDM points towards would lend additional support to the model and by extension the
cosmological principle.

4.4.2 Cosmology and Progress

Progress is, therefore, possible in cosmology, iteratively, eliminatively, or through new phys-
ics. This progress can be achieved in many ways within the discipline itself. Improvements
in the practice and in close proximity to it can allow all types of progress to be achieved.
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These can be developments in the methodology, the technology, and the theoretical basis or
any combination of these.

Similarly to other historical science, cosmology can move beyond the limitations of
traces. The use of simulations has already been discussed in the context of the CMB in
§3.3.3. Astronomy and cosmology employ simulations to realise the models, allowing them
to test the hypotheses with the observable data. The isotropy checks described in §3.3.4 use
the ΛCDM model realised through simulations to compare with the observed data. This
allows for testing in the weak predictive sense mentioned in §4.3.2. Another methodological
difference in astrophysics specifically can be seen in laboratory astrophysics. This relatively
new discipline has the ability to conduct controlled experiments, providing another avenue
to practice astrophysics. Whether one views the observational and experimental practices
as distinct or as Nora Mills Boyd (2023) as the same framework, the experimental results
require arguments of similarity or analogical reasoning. These have their own points in
question but they represent one more way to make epistemic gains. Cosmology benefits
from the practices of astrophysics as progress in understanding astronomical entities allows
for more precise tests, both for the cosmological principle and the standard model.

Technological innovation plays a pivotal role in the progress of cosmology. New techno-
logies assist in uncovering lost traces or enhance degraded ones extracting more information
(Cleland, 2011). Many cosmologists herald this century as the era of precision cosmology,
where data is plentiful and error bars are continuously shrinking. Improvements in electro-
magnetic detectors, satellites, and beyond translate to more numerous and higher-quality
observations. These allow more precise testing of cosmological models and determining
observables, including the dipole tests mentioned in §3.3 and potentially the homogen-
eity tests considered in §3.5. Many of these tests were considered impossible in the past.
Technological and methodological innovation has also led to the detection of gravitational
waves, indicating the potential of multi-messenger astronomy. It is in principle now pos-
sible to receive more than one independent type of signal from astronomical entities, as
gravitational signals can now be detected in addition to the usual electromagnetic radiation,
at least for some sources. As technology improves, it presents another exciting prospect of
more reliably constructing models through either consilience or common-cause arguments
(Elder, 2024).

Theoretical developments both within physics and cosmology, represent one more way
to make progress. In particular, theoretical cosmology has flourished, significantly improv-
ing our understanding of observations and suggesting possible tests for the cosmological
principle. The observational cosmology theorem, the EGS theorem, and the homogeneity
tests discussed in §2.3, in §3.4 and in §3.5 respectively are clear examples of defining the
limits of the discipline and demonstrating where improvements are necessary in order to
construct relevant independent tests. Developments in other branches of physics can have
an impact on the progress that cosmology is making, as well. Dark matter models and their
testability are one way of making progress through new physics. Moreover, further under-
standing averaging and fitting in general relativity will be an important aspect of solving
those issues and establishing cosmological models on safer epistemic grounds.
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4.4.3 How Do We Escape the Circularities?

In section §4.3.2, I suggested that circularities can generally be seen as less impactful in
cosmology, in comparison with other methods in physics, because of the nature of the
methodology. This does not mean, however, that establishing independent lines of evidence
is not more epistemically desirable. While some philosophers of historical sciences defend
them and put them on equal ground to the experimental sciences (e.g. Desjardins et al.,
2023), it is beyond this thesis to engage in such debates. I maintain, however, that the
traditional accounts of science are not reflective of the practice of cosmology, which has
some fundamental differences from standard experimental practice and should be, therefore,
evaluated differently, in these stories. Nevertheless, while cosmologists do their best given
the context of their discipline, it must be admitted that where there is the potential for
following more closely the experimental sciences, it would be regarded as epistemically
preferable. Thus, when it is possible to avoid the circularities, one should choose to do so,
as it would only strengthen their explanatory account, by independently establishing aspects
of the models. Escaping the circularities is one more way to make progress, and potentially
one of the strongest ones available to cosmology. Within the methodological omnivory and
operational coherence accounts there is no reason not to utilise such a process that furthers
our epistemic goals. Independently establishing the validity of the cosmological principle
would make it a smoking gun, allowing the rejection of many alternatives,

Progress within the field can assist with escaping the circularities. Jamee Elder (2023)
identifies that in gravitational wave testing, a context where there is similarly a threat of
circularities, there is an iterative process of "improving the precision of measurements
and further exploring dependency relationships". This is very similar to the improvements
sought in cosmology. Further data on the dipole, especially as technology improves (§4.4.2),
is expected to be enough to settle its nature independently (§3.3.2). The improvement of
algorithms, ensuring that the simulation results are reliable and robust coupled with the
reduction of systematic errors — an effort reported to be increasingly successful with each
data release of the Planck mission — are also relevant aspects in improving measurements.
Moreover, the number and quality of isotropy checks have been increasing with rising
computation power, statistical understanding, and more accurate signals, enhancing the
reliability of the results. In a similar vein, a better understanding of the foreground might
result in the clear establishment of the CMB signal as blackbody (§3.3.3), escaping one more
testing circularity. While not discussed as a part of this paper, dependency relationships are
a part of CMB research, as well, for example, the interplay of initial conditions, inflation,
and the statistical fluctuations in the CMB. All these, are ways that iterative epistemic
progress can be achieved to assist with discerning the isotropy of the CMB and by extension
testing a part of the cosmological principle.

Similar arguments can be applied to the effort of proving homogeneity independently.
Improvements in data measurements, technologies, methodologies, the nature of astronom-
ical objects and even the understanding of general relativity can potentially enable some
of the idealised tests described in §3.5. Some tests, such as curvature tests, have been
suggested to be feasible within the next few decades. Further precision in the data might
allow for identifying the kinematic SZ effects more easily and allow for the homogeneity
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tests to be conducted. If that is not possible consistency tests of the cosmological principle
can also be improved. By relying on different underlying assumptions and observables they
might suggest through iterative constraining the precise domain and scale of the principle, if
it is valid. There are many reasons, therefore, to be optimistic about the potential of testing
the cosmological principle in the future, even if it is not possible now.

4.4.4 The Physical Status of the Cosmological Principle and the Cos-
mological Models

ΛCDM through the fitting procedures integrates independent frameworks within physics,
using empirical guidance (de Baerdemaeker, 2020). Its role is not that of a foundational
theory but of a descriptive enterprise, one that in some ways can still be predictive and
even suggest new physics. Because of the nature of historical science models their physical
status can be in doubt. Depending on one’s flavour of scientific realism their reality can
easily be denied. Most famously Ian Hacking (1989) has denied the realism of astronomical
entities because of the way modelling and testing works in astronomy. Identifying the
role of cosmological models as explanatory has allowed for diminishing concerns about
averaging, fitting, and idealisations of observations. The issues described in §4.1 and in
§4.2 reemerge in a standard reading of realism. If transitioning between scales is poorly
understood, because of averaging, and by extension the validity of the model in those lower
scales, one can question its reality. In regards to fitting, the quality of the fit creates questions
on the physical status of discrepancies from the model. Lastly, idealising observations by
simplifying the geometry raises concerns about the realism of the model in general.

More pragmatic approaches to realism either reject the possibility of a realism anti-
realism debate or redefine realism. Currie (2018), in his defence of the historical sciences,
rejects the debate and the main justification for it — historical inductions arguments — be-
cause they miss important aspects of science. For him, those aspects are context-sensitivity,
pluralistic potential progress, and indirect gains from unexpected results and false theories
that lead to the eventual accumulation of knowledge. On the other hand, Chang (2022),
having identified features of science comparable to those of Currie, uses them to reconcep-
tualise realism as a pragmatic endeavour, rooted in the practices of science. His activist
realism is normative, focused on context-sensitive epistemic needs, and making iterative
progress. Cosmology fits well with this understanding of realism, as its utilisation of dif-
ferent epistemic methods in order to achieve the goal of describing the universe happens
primarily through the iterative progress described in §4.4.1.

Another way to defend cosmological models was offered by Christopher Smeenk (2020),
though his outlook leaves their status ambiguous. Smeenk suggests adopting the under-
standing of scientific theories presented by Howard Stein (1995) in order to understand
cosmology. The first aspect is giving a central role to the observer, by "schematising" them,
as the mediator of observations and mathematical formulations. The second characteristic
is that theories should be evaluated based on their fruitfulness and consistency within their
empirical domain. Observers are important in cosmology because of the nature of the
traces used in the discipline, as the context of observations plays a significant role in in-
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terpreting the data and showing that it conforms with the theory. The model-dependence
of understood entities and the idealisation of light propagation can be seen as ignoring
this important aspect that needs to be reintroduced, in order to understand the products of
cosmology. Regarding the second aspect of Stein’s understanding, empirical consistency of
the cosmological models is a requirement, though fitting might cause some concerns, and
in terms of fruitfulness, cosmology has led to potential new physics. Under this schema,
Smeenk defends cosmological models but suggests that the physical status of cosmological
models is not well-established because one cannot be certain if discrepancies from the
model are fitting remnants, or whether they demand an explanation. Such an argument goes
beyond the realism debate but it does create concerns about entities, such as dark matter,
for most strands of scientific realism. Becoming a realist about dark matter is considered
ill-advised both in Hacking’s epistemological scepticism about the capabilities of astronomy
but also in the semantic dimension of standard scientific realism, because of the abundance
of available models, with a thin common core (Martens, 2021). If, thus, the existence of
postulated entities such as dark energy and dark matter is successfully established, that
would settle the physical status of the model.

The cosmological principle as a feature of the standard cosmological model is in a
similarly dubious position. On a Lakatosian reading of the history of cosmology, one could
say that the cosmological principle has been part of the hard core, serving as a foundational
feature upon which the cosmological research program was constructed.7 It was taken as a
principle of nature, a description of the facts of the world. In reality, it has acted more like a
guiding principle, according to the schema devised by Fischer (Forthcoming) for principles
in physics. Throughout the years its definition has shifted from a perfect cosmological
principle to a weakened spatial version, and finally to a statistical formulation (§2.1). It has
guided research and has been the basis to formulate and eventually successfully establish a
handful of different models, with the most dominant in the last decades being ΛCDM. The
principle has assisted the field in achieving massive epistemic gains. From the case study of
the cosmological principle, one can infer that guiding principles can have the same guiding
role, as in general physics. In this case, the guidance pertains more to the explanatory
virtues and the specific model features expected to play an important role in the model.

Progress in cosmology, however, partly requires ceasing to identify cosmological en-
deavours as uniquely tied to this singular principle. While the principle has been productive
there remain strong limitations in characterising the models it produced as genuinely phys-
ical. Some cosmologists have already argued that cosmology can proceed without any
principles and that the cosmological principle should be discarded.8 Such a claim, however,
remains controversial and while the principle might still be untestable, in the near future,
it is remarkably successful. This is not an appeal to stop utilising the principle and deny
the success of models based on it. Instead, it is a suggestion to allow for the proliferation
of alternatives and the continuation of efforts to constrain and test the principle, in order to
either reject the standard model or converge towards a belief that it is genuinely physical.

7The hard core, in Lakatos’ philosophy of science, consists of the irrefutable fundamental theses that define
a research program.

8For example, famous cosmologist Alexei Starobisnky has argued this in a talk given at the conference "A
discussion on the cosmological principle", at the Asia Pacific Center for Theoretical Physics, Pohang, South Korea,
on the 25th of October 2022.
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Such progress, as described throughout this section, would eventually lead to the cosmolo-
gical principle becoming a principle of nature, or in the historical science terminology, one
of the traces that need to be accounted for, potentially even a smoking gun.
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Chapter 5

Conclusion

In cosmology, prima facie, there are several concerns about the epistemic status of the
discipline’s models. These concerns arise from the nature of available data and its associated
practices, particularly when compared to the exemplary standard scientific practice of
experimentation. There is a genuine threat of vicious circularities because of confirmation
holism, which could make independently testing hypotheses about cosmological models
impossible. In this thesis, I examined this issue through a key component of modern
cosmology: the cosmological principle.

The cosmological principle has a long history within cosmology, making it an integral
part of the modern standard cosmological model ΛCDM. The reliance of cosmologists
on the principle invites scepticism as justifying it in an a priori way is unsatisfactory.
Coupled with the fact that the principle was historically favoured because of aesthetics and
its simplification of the Einstein equations, it raises questions about the principle’s validity
and how well it corresponds to the actual universe. This has led to the search for independent
verification of the principle.

One approach to achieving this goal has been testing the principle through observations
of the CMB. These tests, however, have potential circularities. The Planck collaboration
has been the latest mission attempting to understand the CMB. One of their main objectives
was to check whether the CMBR is statistically isotropic. In order to make the tests possible
first the intensity signals are calibrated into temperature, with the help of the dipole, that
is identified with the local motion of the Earth relative to the CMB rest frame. This
creates a circularity because the fluctuation represented by the dipole is disregarded by
being understood as solely caused by our local motion. Additionally, the CMB signal
needs to be separated from the foreground contamination of other radio sources within the
universe, prior to any isotropy checks. For this, the collaboration utilises four simulation
algorithms with different methodologies and initial assumptions. Two of the algorithms
assume isotropy and two that the CMB is a black body. This introduces another circularity
because the black body nature of the CMB is an assumption of isotropy in disguise since
black bodies are diffuse emitters. Thus, despite the consistency of results from the isotropy
tests to the choice of component separation method, they might not be robust. If the dipole
and the blackbody nature of the CMB, however, can be established independently, which
appears to be a possibility in the future, then, the isotropy of the CMB can be inferred
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from the testing. Multiple isotropy checks by the collaboration generally agree with the
statistical isotropy of the signal, though a few tensions exist. Interpreting these tensions
presents another difficulty due to the look-elsewhere effect and the statistical nature of the
fluctuations.

Homogeneity, unlike isotropy, cannot be directly tested using the CMB because the
CMB is idealised as an event happening in a single time slice and can be observed only
from one spacetime point. In overcoming this limitation, the generalisation of the EGS
theorem has been instrumental. The EGS theorem proves that if all observers view an
isotropic CMB, isotropic dark matter, and isotropic spatial expansion, then the metric for
that spacetime is FLRW. One strategy for justifying the cosmological principle, using the
theorem, is adopting the Copernican principle, since if all observations are representative
of the larger class and we observe an isotropic CMB, then, other observers do, as well.
This strategy is not necessarily satisfactory as it exchanges one principle for another, and
adopting it with a probabilistic justification is not convincing. The EGS theorem has also
inspired suggestions for possible tests that could showcase homogeneity. These tests rely on
the kinematic SZ effect to view a reflection of the CMB from another observer’s standpoint.
Although these tests require idealisations that currently render them impossible without
falling into circularities, they have been employed to constrain alternative cosmological
models based on the LTB metric.

Beyond the CMB there are certain aspects of cosmology which amplify the the threat
of circularities when attempting to conduct independent tests. Averaging observables in
general relativity is non-trivial because of the nonlinear nature of the equations. It is
essential, however, to understand the cosmological principle as valid on a certain scale
and to transition between scales. Another issue is the fitting problem of matching an
exact solution of the Einstein equations, through a model, to the real lumpy universe. An
attempted solution here is perturbation theory, though it is difficult to ensure that observables
remain consistent even if the perturbed metric is arbitrarily close to the FLRW one. Lastly,
cosmologists idealise observations by assuming that the signals travelled through an FLRW
geometry, creating another process where local effects can be ignored. These are all
potentially problematic, but they are somewhat necessary because of the nature of the
evidence and the underlying theory, namely general relativity.

In astronomy, and by extension cosmology, the reliance on traces or signals from our
past light cone imposes significant methodological constraints. These amplify threats of
confirmation holism within the historical sciences. Because, however, they rely on creating
unified explanatory accounts over hypothesis falsification, the circularity concerns are less
potent. This does not mean circularities should be ignored, but independent testing only
plays a secondary role when crafting a unified account explaining the evolution of the
universe. What matters more is this account being the best available explanation. This is
reflected in how ΛCDM functions in modern cosmology, as tensions are not sufficient to
falsify the model. Instead, they only prompt cosmologists to search for explanations that fit
within the model. Idealising observations and fitting are also justified by the methodology
of the historical sciences, as fitting is a way of constructing the best possible explanation
from the available traces and idealisations can be treated similarly to all other circularities,
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making them less threatening. How models are constructed in cosmology also relates
to the nature of traces and plays its own role in reducing some concerns. Cosmology
seeks to model and understand the large-scale behaviour of the observable universe. Thus,
transitioning between scales through averaging and fitting into an idealised geometry are
more acceptable because the goal is primarily descriptive. The worry of these circularity
threats, therefore, diminishes because of the nature of cosmological models and because of
the methodology of the historical sciences, of which cosmology is one.

Even though cosmology has a weaker epistemic basis compared to the traditional ex-
perimental sciences, it can still make progress. By engaging in what Currie (2018) calls
methodological omnivory — utilising every promising available method — cosmologists
can maximise epistemic gains, in spite of the data constraints. This progress can be achieved
through three different interrelated approaches. The main way is iteratively through a cycle
of hypothesising, checking with the observable evidence, and further improving the model,
similar to what Chang (2022) defends. Another approach is eliminatively by testing and
ruling out alternative models as worse explanations, through testing or other epistemic vir-
tues. Lastly, progress can occur in terms of fruitfulness primarily through the suggestion of
new physics, stimulating research inside and outside the field. Innovations in technology,
methodology, algorithms, and theoretical frameworks can all contribute to progress. This is
evident in the development of our understanding of the CMB and the possible tests we can
construct with the evidence it provides us. Despite the lesser impact testing circularities
have on the accounts of cosmology, solving them is still a way to make progress. Independ-
ently establishing the cosmological principle would help the field progress significantly by
eliminating several other categories of potential alternatives and increasing our trust in the
current standard cosmological model and the new physics it suggests.

Therefore, there are several reasons to be, as Currie (2018) suggests, optimistic about
the historical sciences. Cosmology can progress iteratively regardless of circularities and
it can potentially solve the circularities currently present in the testing of the cosmological
principle, in the future. The nature of the methodology and cosmological models can
make it difficult to ascertain the physical status of the entities within the model, especially
from a traditional scientific realist perspective. From a pragmatist reading in the spirit
of Chang (2022), however, cosmology is very successful according to its aims, methods,
and results which are rooted in the context of practice and include the limitations of the
discipline. While through the pragmatist lens, the use of the cosmological principle can
be justified, its status remains ambiguous. It has served as a guiding principle determining
where inquiry should be focusing in cosmology while being thought of as a principle of
nature. Establishing it, however, as a principle of nature or rejecting it through independent
testing, will be an important step in cosmology and it increasingly appears that it might be
possible. Until then it is important to allow for the proliferation of alternatives and continue
to test the consistency of the cosmological principle and further constrain it.

65



66



Bibliography

Aluri, P. K., Cea, P., Chingangbam, P., Chu, M.-C., Clowes, R. G., Hutsemékers, D.,
Kochappan, J. P., Lopez, A. M., Liu, L., Martens, N. C. M., Martins, C. J. A. P., Migkas,
K., Colgáin, E. O., Pranav, P., Shamir, L., Singal, A. K., Sheikh-Jabbari, M. M., Wagner,
J., Wang, S.-J., Wiltshire, D. L., Yeung, S., Yin, L., & Zhao, W. (2023). Is the Observable
Universe Consistent with the Cosmological Principle? Classical and Quantum Gravity,
40(9), 094001.
URL http://arxiv.org/abs/2207.05765

Anderl, S. (2016). Astronomy and Astrophysics. In P. Humphreys (Ed.) The Oxford
Handbook of Philosophy of Science, (pp. 652–670). Oxford University Press.
URL https://doi.org/10.1093/oxfordhb/9780199368815.013.45

Antoniou, A. (2021). What is a data model? European Journal for Philosophy of Science,
11(4), 101.
URL https://doi.org/10.1007/s13194-021-00412-2

Beisbart, C. (2009). Can We Justifiably Assume the Cosmological Principle in Order to
Break Model Underdetermination in Cosmology? Journal for General Philosophy of
Science, 40(2), 175–205.
URL https://doi.org/10.1007/s10838-009-9098-9

Beisbart, C., & Jung, T. (2006). Privileged, Typical, or not even that? – Our Place in
the World According to the Copernican and the Cosmological Principles. Journal for
General Philosophy of Science, 37(2), 225–256.
URL https://doi.org/10.1007/s10838-006-9015-4

Bengaly, C. A. P., Maartens, R., & Santos, M. G. (2018). Probing the Cosmological
Principle in the counts of radio galaxies at different frequencies. Journal of Cosmology
and Astroparticle Physics, 2018(04), 031.
URL https://dx.doi.org/10.1088/1475-7516/2018/04/031

Bondi, H., & Gold, T. (1948). The Steady-State Theory of the Expanding Universe. Monthly
Notices of the Royal Astronomical Society, 108(3), 252–270.
URL https://doi.org/10.1093/mnras/108.3.252

Boyd, N. M. (2023). Laboratory Astrophysics: Lessons for Epistemology of Astrophysics.
In N. Mills Boyd, S. de Baerdemaeker, K. Heng, & V. Matarese (Eds.) Philosophy of

67

http://arxiv.org/abs/2207.05765
https://doi.org/10.1093/oxfordhb/9780199368815.013.45
https://doi.org/10.1007/s13194-021-00412-2
https://doi.org/10.1007/s10838-009-9098-9
https://doi.org/10.1007/s10838-006-9015-4
https://dx.doi.org/10.1088/1475-7516/2018/04/031
https://doi.org/10.1093/mnras/108.3.252


Astrophysics: Stars, Simulations, and the Struggle to Determine What is Out There, (pp.
13–32). Cham: Springer International Publishing.
URL https://doi.org/10.1007/978-3-031-26618-8_2

Brown, H. I. (1993). A Theory-Laden Observation Can Test the Theory. The British Journal
for the Philosophy of Science, 44(3), 555–559.
URL https://www.jstor.org/stable/688024

Bucher, M. (2015). Physics of the cosmic microwave background anisotropy. International
Journal of Modern Physics D, 24(02), 1530004.
URL http://arxiv.org/abs/1501.04288

Buchert, T. (2000). On Average Properties of Inhomogeneous Fluids in General Relativity:
Dust Cosmologies. General Relativity and Gravitation, 32(1), 105–125.
URL https://doi.org/10.1023/A:1001800617177

Buchert, T., & Räsänen, S. (2012). Backreaction in late-time cosmology. Annual Review
of Nuclear and Particle Science, 62(1), 57–79.
URL http://arxiv.org/abs/1112.5335

Butterfield, J. (2014). On under-determination in cosmology. Studies in History and
Philosophy of Science Part B: Studies in History and Philosophy of Modern Physics, 46,
57–69.
URL https://www.sciencedirect.com/science/article/pii/

S1355219813000476

Caldwell, R. R., & Stebbins, A. (2008). A Test of the Copernican Principle. Physical
Review Letters, 100(19), 191302.
URL http://arxiv.org/abs/0711.3459

Carroll, S. M. (2019). Spacetime and Geometry: an Introduction to General Relativity.
Cambridge, United Kingdom: Cambridge University Press.

Chang, H. (2022). Realism for realistic people: a new pragmatist philosophy of science.
Cambridge, United Kingdom: Cambridge University Press.

Chluba, J., & Sunyaev, R. A. (2004). Superposition of blackbodies and the dipole anisotropy:
A possibility to calibrate CMB experiments. Astronomy & Astrophysics, 424(2), 389–
408.
URL http://www.aanda.org/10.1051/0004-6361:20041016

Clarkson, C. (2012). Establishing homogeneity of the universe in the shadow of dark energy.
Comptes Rendus Physique, 13(6-7), 682–718.
URL http://arxiv.org/abs/1204.5505

Clarkson, C., Bassett, B. A., & Lu, T. H.-C. (2008). A general test of the Copernican
Principle. Physical Review Letters, 101(1), 011301.
URL http://arxiv.org/abs/0712.3457

68

https://doi.org/10.1007/978-3-031-26618-8_2
https://www.jstor.org/stable/688024
http://arxiv.org/abs/1501.04288
https://doi.org/10.1023/A:1001800617177
http://arxiv.org/abs/1112.5335
https://www.sciencedirect.com/science/article/pii/S1355219813000476
https://www.sciencedirect.com/science/article/pii/S1355219813000476
http://arxiv.org/abs/0711.3459
http://www.aanda.org/10.1051/0004-6361:20041016
http://arxiv.org/abs/1204.5505
http://arxiv.org/abs/0712.3457


Clarkson, C., Ellis, G., Larena, J., & Umeh, O. (2011). Does the growth of structure affect
our dynamical models of the universe? The averaging, backreaction and fitting problems
in cosmology. Reports on Progress in Physics, 74(11), 112901.
URL http://arxiv.org/abs/1109.2314

Clarkson, C., & Maartens, R. (2010). Inhomogeneity and the foundations of concordance
cosmology. Classical and Quantum Gravity, 27(12), 124008.
URL http://arxiv.org/abs/1005.2165

Clarkson, C. A., Coley, A. A., O’Neill, E. S. D., Sussman, R. A., & Barrett, R. K.
(2003). Inhomogeneous Cosmologies, the Copernican Principle and the Cosmic Mi-
crowave Background: More on the EGS Theorem. General Relativity and Gravitation,
35(6), 969–990.
URL https://doi.org/10.1023/A:1024094215852

Cleland, C. E. (2002). Methodological and Epistemic Differences between Historical
Science and Experimental Science. Philosophy of Science, 69(3), 474–496.
URL https://www.jstor.org/stable/10.1086/342455

Cleland, C. E. (2011). Prediction and Explanation in Historical Natural Science. The British
Journal for the Philosophy of Science, 62(3), 551–582.
URL https://www.journals.uchicago.edu/doi/abs/10.1093/bjps/axq024

Clifton, T., Clarkson, C., & Bull, P. (2012). Isotropic Blackbody Cosmic Microwave
Background Radiation as Evidence for a Homogeneous Universe. Physical Review
Letters, 109(5), 051303.
URL https://link.aps.org/doi/10.1103/PhysRevLett.109.051303

Currie, A. (2018). Rock, bone, and ruin: an optimist’s guide to the historical sciences.
Cambridge: The MIT Press.

Currie, A. M. (2014). Narratives, mechanisms and progress in historical science. Synthese,
191(6), 1163–1183.
URL https://doi.org/10.1007/s11229-013-0317-x

Dalang, C., & Bonvin, C. (2022). On the kinematic cosmic dipole tension. Monthly Notices
of the Royal Astronomical Society, 512(3), 3895–3905.
URL https://doi.org/10.1093/mnras/stac726

Darling, J. (2022). The Universe is Brighter in the Direction of Our Motion: Galaxy Counts
and Fluxes are Consistent with the CMB Dipole. The Astrophysical Journal Letters,
931(2), L14.
URL https://dx.doi.org/10.3847/2041-8213/ac6f08

de Baerdemaeker, S. (2020). Cosmology: The Impossible Integration?. Ph.D. thesis,
University of Pittsburgh.
URL https://d-scholarship.pitt.edu/38293/

69

http://arxiv.org/abs/1109.2314
http://arxiv.org/abs/1005.2165
https://doi.org/10.1023/A:1024094215852
https://www.jstor.org/stable/10.1086/342455
https://www.journals.uchicago.edu/doi/abs/10.1093/bjps/axq024
https://link.aps.org/doi/10.1103/PhysRevLett.109.051303
https://doi.org/10.1007/s11229-013-0317-x
https://doi.org/10.1093/mnras/stac726
https://dx.doi.org/10.3847/2041-8213/ac6f08
https://d-scholarship.pitt.edu/38293/


de Baerdemaeker, S., & Boyd, N. M. (2020). Jump ship, shift gears, or just keep
on chugging: Assessing the responses to tensions between theory and evidence in
contemporary cosmology. Studies in History and Philosophy of Science Part B: Studies
in History and Philosophy of Modern Physics, 72, 205–216.
URL https://www.sciencedirect.com/science/article/pii/

S1355219820301088

de Sitter, W. (1917). Einstein’s theory of gravitation and its astronomical consequences.
Third paper. Monthly Notices of the Royal Astronomical Society, 78, 3–28.
URL https://ui.adsabs.harvard.edu/abs/1917MNRAS..78....3D

Delabrouille, J., Betoule, M., Melin, J.-B., Miville-Deschênes, M.-A., Gonzalez-Nuevo, J.,
Jeune, M. L., Castex, G., Zotti, G. d., Basak, S., Ashdown, M., Aumont, J., Baccigalupi,
C., Banday, A. J., Bernard, J.-P., Bouchet, F. R., Clements, D. L., Silva, A. d., Dickinson,
C., Dodu, F., Dolag, K., Elsner, F., Fauvet, L., Faÿ, G., Giardino, G., Leach, S.,
Lesgourgues, J., Liguori, M., Macías-Pérez, J. F., Massardi, M., Matarrese, S., Mazzotta,
P., Montier, L., Mottet, S., Paladini, R., Partridge, B., Piffaretti, R., Prezeau, G., Prunet,
S., Ricciardi, S., Roman, M., Schaefer, B., & Toffolatti, L. (2013). The pre-launch
Planck Sky Model: a model of sky emission at submillimetre to centimetre wavelengths.
Astronomy & Astrophysics, 553, A96.
URL https://www.aanda.org/articles/aa/abs/2013/05/aa20019-12/

aa20019-12.html

Delabrouille, J., Cardoso, J. F., Le Jeune, M., Betoule, M., Faÿ, G., & Guilloux, F. (2009).
A full sky, low foreground, high resolution CMB map from WMAP. Astronomy and
Astrophysics, 493, 835–857.
URL https://ui.adsabs.harvard.edu/abs/2009A&A...493..835D

Desjardins, E., Oswick, D., & Fox, C. W. (2023). On the Ambivalence of Control in Exper-
imental Investigation of Historically Contingent Processes. Journal of the Philosophy of
History, 17(1), 130–153.
URL https://brill.com/view/journals/jph/17/1/article-p130_7.xml

Doboszewski, J., & Elder, J. (2024). Robustness and the Event Horizon Telescope: the case
of the first image of M87*. Philosophy of Physics, 2(1).
URL https://philosophyofphysics.lse.ac.uk/articles/10.31389/pop.74

Duhem, P. M. M. (1954). The aim and structure of physical theory. Princeton: Princeton
University Press.

Ehlers, J., Geren, P., & Sachs, R. K. (1968). Isotropic Solutions of the Einstein–Liouville
Equations. Journal of Mathematical Physics, 9(9), 1344–1349.
URL https://doi.org/10.1063/1.1664720

Einstein, A. (1917). Kosmologische Betrachtungen zur allgemeinen Relativitätstheorie.
Sitzungsberichte der Königlich Preussischen Akademie der Wissenschaften, 1, 142–152.
URL https://ui.adsabs.harvard.edu/abs/1917SPAW.......142E

70

https://www.sciencedirect.com/science/article/pii/S1355219820301088
https://www.sciencedirect.com/science/article/pii/S1355219820301088
https://ui.adsabs.harvard.edu/abs/1917MNRAS..78....3D
https://www.aanda.org/articles/aa/abs/2013/05/aa20019-12/aa20019-12.html
https://www.aanda.org/articles/aa/abs/2013/05/aa20019-12/aa20019-12.html
https://ui.adsabs.harvard.edu/abs/2009A&A...493..835D
https://brill.com/view/journals/jph/17/1/article-p130_7.xml
https://philosophyofphysics.lse.ac.uk/articles/10.31389/pop.74
https://doi.org/10.1063/1.1664720
https://ui.adsabs.harvard.edu/abs/1917SPAW.......142E


Elder, J. (2023). Theory Testing in Gravitational-Wave Astrophysics. In N. Mills Boyd,
S. de Baerdemaeker, K. Heng, & V. Matarese (Eds.) Philosophy of Astrophysics: Stars,
Simulations, and the Struggle to Determine What is Out There, (pp. 57–79). Cham:
Springer International Publishing.
URL https://doi.org/10.1007/978-3-031-26618-8_4

Elder, J. (2024). Independent evidence in multi-messenger astrophysics. Studies in History
and Philosophy of Science, 104, 119–129.
URL https://www.sciencedirect.com/science/article/pii/

S0039368124000165

Ellis, G. (2018). The Standard Cosmological Model: Achievements and Issues. Foundations
of Physics, 48(10), 1226–1245.
URL https://doi.org/10.1007/s10701-018-0176-x

Ellis, G. F. R. (2007). Issues in the Philosophy of Cosmology. In J. Butterfield, & J. Earman
(Eds.) Philosophy of Physics, (pp. 1183–1285). Amsterdam: North-Holland.
URL http://arxiv.org/abs/astro-ph/0602280

Ellis, G. F. R., & Baldwin, J. E. (1984). On the expected anisotropy of radio source counts.
Monthly Notices of the Royal Astronomical Society, 206(2), 377–381.
URL https://doi.org/10.1093/mnras/206.2.377

Ellis, G. F. R., Nel, S. D., Maartens, R., Stoeger, W. R., & Whitman, A. P. (1985). Ideal
observational cosmology. Physics Reports, 124(5), 315–417.
URL https://www.sciencedirect.com/science/article/pii/

0370157385900304

Ellis, G. F. R., & Stoeger, W. (1987). The ’fitting problem’ in cosmology. Classical and
Quantum Gravity, 4, 1697–1729.
URL https://ui.adsabs.harvard.edu/abs/1987CQGra...4.1697E

Ellis, G. F. R., Treciokas, R., & Matravers, D. R. (1983). Anisotropic solutions of the
Einstein-Boltzmann equations. II. Some exact properties of the equations. Annals of
Physics, 150(2), 487–503.
URL https://www.sciencedirect.com/science/article/pii/

0003491683900246

Ellis, G. F. R. G. F. R., Maartens, R. R., & MacCallum, M. A. H. (2012). Relativistic
cosmology. Cambridge: Cambridge University Press.
URL https://doi.org/10.1017/CBO9781139014403

Eriksen, H. K., Hansen, F. K., Banday, A. J., Górski, K. M., & Lilje, P. B. (2004).
Asymmetries in the Cosmic Microwave Background Anisotropy Field. The Astrophysical
Journal, 605(1), 14–20.
URL https://iopscience.iop.org/article/10.1086/382267/meta

71

https://doi.org/10.1007/978-3-031-26618-8_4
https://www.sciencedirect.com/science/article/pii/S0039368124000165
https://www.sciencedirect.com/science/article/pii/S0039368124000165
https://doi.org/10.1007/s10701-018-0176-x
http://arxiv.org/abs/astro-ph/0602280
https://doi.org/10.1093/mnras/206.2.377
https://www.sciencedirect.com/science/article/pii/0370157385900304
https://www.sciencedirect.com/science/article/pii/0370157385900304
https://ui.adsabs.harvard.edu/abs/1987CQGra...4.1697E
https://www.sciencedirect.com/science/article/pii/0003491683900246
https://www.sciencedirect.com/science/article/pii/0003491683900246
https://doi.org/10.1017/CBO9781139014403
https://iopscience.iop.org/article/10.1086/382267/meta


Fernández-Cobos, R. (2021). The Concept of the Universe in Physical Cosmology. Journal
for General Philosophy of Science, 52(4), 523–542.
URL https://doi.org/10.1007/s10838-021-09561-7

Fernández-Cobos, R., Vielva, P., Barreiro, R. B., & Martínez-González, E. (2012). Mul-
tiresolution internal template cleaning: an application to the Wilkinson Microwave An-
isotropy Probe 7-yr polarization data. Monthly Notices of the Royal Astronomical Society,
420(3), 2162–2169.
URL https://doi.org/10.1111/j.1365-2966.2011.20182.x

Feyerabend, P. (1993). Against method. London: Verso, 3rd ed.

Fischer, E. (Forthcoming). Guiding Principles in Physics.

Fixsen, D. J. (2009). The Temperature of the Cosmic Microwave Background. The Astro-
physical Journal, 707(2), 916.
URL https://dx.doi.org/10.1088/0004-637X/707/2/916

Fleury, P., Dupuy, H., & Uzan, J.-P. (2013). Interpretation of the Hubble diagram in a
nonhomogeneous universe. Physical Review D, 87(12), 123526.
URL https://link.aps.org/doi/10.1103/PhysRevD.87.123526

Forber, P. G. (2011). Historical Reconstruction: Gaining Epistemic Access to the Deep
Past. Philosophy & Theory in Biology, 3(3).
URL http://hdl.handle.net/2027/spo.6959004.0003.003

Franklin, A., Anderson, M., Brock, D., Coleman, S., Downing, J., Gruvander, A., Lilly,
J., Neal, J., Peterson, D., Price, M., Rice, R., Smith, L., Speirer, S., & Toering, D.
(1989). Can a Theory-Laden Observation Test the Theory? The British Journal for the
Philosophy of Science, 40(2), 229–231.
URL https://www.jstor.org/stable/687514

Friedmann, A. (1922). Über die Krümmung des Raumes. Zeitschrift für Physik, 10,
377–386.

Gasperini, M., Marozzi, G., Nugier, F., & Veneziano, G. (2011). Light-cone averaging
in cosmology: formalism and applications. Journal of Cosmology and Astroparticle
Physics, 2011(07), 008.
URL https://dx.doi.org/10.1088/1475-7516/2011/07/008

Goodman, J. (1995). Geocentrism reexamined. Physical Review D, 52(4), 1821–1827.
URL https://link.aps.org/doi/10.1103/PhysRevD.52.1821

Green, S. R., & Wald, R. M. (2011). A new framework for analyzing the effects of small
scale inhomogeneities in cosmology. Physical Review D, 83(8), 084020.
URL http://arxiv.org/abs/1011.4920

Green, S. R., & Wald, R. M. (2014). How well is our Universe described by an FLRW
model? Classical and Quantum Gravity, 31(23), 234003.
URL https://dx.doi.org/10.1088/0264-9381/31/23/234003

72

https://doi.org/10.1007/s10838-021-09561-7
https://doi.org/10.1111/j.1365-2966.2011.20182.x
https://dx.doi.org/10.1088/0004-637X/707/2/916
https://link.aps.org/doi/10.1103/PhysRevD.87.123526
http://hdl.handle.net/2027/spo.6959004.0003.003
https://www.jstor.org/stable/687514
https://dx.doi.org/10.1088/1475-7516/2011/07/008
https://link.aps.org/doi/10.1103/PhysRevD.52.1821
http://arxiv.org/abs/1011.4920
https://dx.doi.org/10.1088/0264-9381/31/23/234003


Gregory, P. C., & Condon, J. J. (1991). The 87GB Catalog of Radio Sources Covering
0 degrees < delta < +75 degrees at 4.85 GHz. The Astrophysical Journal Supplement
Series, 75, 1011.
URL https://ui.adsabs.harvard.edu/abs/1991ApJS...75.1011G

Guandalin, C., Piat, J., Clarkson, C., & Maartens, R. (2023). Theoretical Systematics in
Testing the Cosmological Principle with the Kinematic Quasar Dipole. The Astrophysical
Journal, 953(2), 144.
URL https://dx.doi.org/10.3847/1538-4357/acdf46

Gueguen, M. (2020). On Robustness in Cosmological Simulations. Philosophy of Science,
87(5), 1197–1208.
URL https://www.cambridge.org/core/journals/philosophy-of-science/
article/abs/on-robustness-in-cosmological-simulations/

9F01C1AB731E4064ED5DA5DE6F578B57

Hacking, I. (1989). Extragalactic Reality: The Case of Gravitational Lensing. Philosophy
of Science, 56(4), 555–581.
URL https://www.cambridge.org/core/journals/philosophy-of-science/
article/abs/extragalactic-reality-the-case-of-gravitational-lensing/

CFDA66949B6D8C406588ED97AB564237

Jacquart, M. (2020). Observations, Simulations, and Reasoning in Astrophysics. Philo-
sophy of Science, 87(5), 1209–1220.
URL https://www.cambridge.org/core/journals/philosophy-of-science/
article/abs/observations-simulations-and-reasoning-in-astrophysics/

71AFC88A30A23F7DCC0800FF76ABF152

Kanitscheider, B. (1991). The Anthropic Principle and Its Epistemological Status in Modern
Physical Cosmology. In E. Agazzi, & A. Cordero (Eds.) Philosophy and the Origin and
Evolution of the Universe, (pp. 361–397). Dordrecht: Springer Netherlands.
URL https://doi.org/10.1007/978-94-011-3598-6_11

Kragh, H. (2007). Conceptions of cosmos: from myths to the accelerating universe : a
history of cosmology. Oxford: Oxford University Press.
URL https://doi.org/10.1093/acprof:oso/9780199209163.001.0001

Kragh, H. (2019). Steady-State theory and the cosmological controversy. In H. Kragh, &
M. S. Longair (Eds.) The Oxford Handbook of the History of Modern Cosmology, (pp.
162–205). Oxford University Press.
URL https://doi.org/10.1093/oxfordhb/9780198817666.013.5

Kragh, H. (2021). Karl Popper and Modern Cosmology: His Thoughts and Their Impact. In
Z. Parusniková, & D. Merritt (Eds.) Karl Popper’s Science and Philosophy, (pp. 53–68).
Cham: Springer International Publishing.
URL https://doi.org/10.1007/978-3-030-67036-8_4

73

https://ui.adsabs.harvard.edu/abs/1991ApJS...75.1011G
https://dx.doi.org/10.3847/1538-4357/acdf46
https://www.cambridge.org/core/journals/philosophy-of-science/article/abs/on-robustness-in-cosmological-simulations/9F01C1AB731E4064ED5DA5DE6F578B57
https://www.cambridge.org/core/journals/philosophy-of-science/article/abs/on-robustness-in-cosmological-simulations/9F01C1AB731E4064ED5DA5DE6F578B57
https://www.cambridge.org/core/journals/philosophy-of-science/article/abs/on-robustness-in-cosmological-simulations/9F01C1AB731E4064ED5DA5DE6F578B57
https://www.cambridge.org/core/journals/philosophy-of-science/article/abs/extragalactic-reality-the-case-of-gravitational-lensing/CFDA66949B6D8C406588ED97AB564237
https://www.cambridge.org/core/journals/philosophy-of-science/article/abs/extragalactic-reality-the-case-of-gravitational-lensing/CFDA66949B6D8C406588ED97AB564237
https://www.cambridge.org/core/journals/philosophy-of-science/article/abs/extragalactic-reality-the-case-of-gravitational-lensing/CFDA66949B6D8C406588ED97AB564237
https://www.cambridge.org/core/journals/philosophy-of-science/article/abs/observations-simulations-and-reasoning-in-astrophysics/71AFC88A30A23F7DCC0800FF76ABF152
https://www.cambridge.org/core/journals/philosophy-of-science/article/abs/observations-simulations-and-reasoning-in-astrophysics/71AFC88A30A23F7DCC0800FF76ABF152
https://www.cambridge.org/core/journals/philosophy-of-science/article/abs/observations-simulations-and-reasoning-in-astrophysics/71AFC88A30A23F7DCC0800FF76ABF152
https://doi.org/10.1007/978-94-011-3598-6_11
https://doi.org/10.1093/acprof:oso/9780199209163.001.0001
https://doi.org/10.1093/oxfordhb/9780198817666.013.5
https://doi.org/10.1007/978-3-030-67036-8_4


Kuhn, T. S. (1975). The structure of scientific revolutions. Chicago: University of Chicago
Press, 2nd ed.

Lakatos, I. (1970). Falsification and the Methodology of Scientific Research Programmes.
In A. Musgrave, & I. Lakatos (Eds.) Criticism and the Growth of Knowledge: Proceed-
ings of the International Colloquium in the Philosophy of Science, London, 1965, vol. 4,
(pp. 91–196). Cambridge: Cambridge University Press.
URL https://www.cambridge.org/core/books/

criticism-and-the-growth-of-knowledge/falsification-and-the-methodology-of-scientific-research-programmes/

B1AAD974814D6E7BF35E6449691AA58F

Laudan, L. (1978). Progress and its problems: toward a theory of scientific growth. 282.
Berkeley: University of California Press.

Lemaître, G. (1927). Un Univers homogéne de masse constante et de rayon croissant
rendant compte de la vitesse radiale des nébuleuses extra-galactiques. Annales de la
Société Scientifique de Bruxelles, A47, 49–59.
URL https://ui.adsabs.harvard.edu/abs/1927ASSB...47...49L

Lemaître, G. (1933). L’Univers en expansion. Annales de la Société Scientifique de
Bruxelles, A53, 51–85.
URL https://ui.adsabs.harvard.edu/abs/1933ASSB...53...51L

Longair, M. S. (2019). Observational and astrophysical cosmology: 1940-1980. In
H. Kragh, & M. S. Longair (Eds.) The Oxford Handbook of the History of Modern
Cosmology, (pp. 206–244). Oxford University Press.
URL https://doi.org/10.1093/oxfordhb/9780198817666.013.6

Maartens, R. (2011). Is the Universe homogeneous? Philosophical Transactions of the
Royal Society A: Mathematical, Physical and Engineering Sciences, 369(1957), 5115–
5137.
URL https://royalsocietypublishing.org/doi/full/10.1098/rsta.2011.
0289

Maartens, R., Ellis, G. F. R., & Stoeger, W. R. (1995). Limits on anisotropy and inhomo-
geneity from the cosmic background radiation. Physical Review D, 51(4), 1525–1535.
URL https://link.aps.org/doi/10.1103/PhysRevD.51.1525

Manchak, J. B. (2009). Can we know the global structure of spacetime? Studies in History
and Philosophy of Science Part B: Studies in History and Philosophy of Modern Physics,
40(1), 53–56.
URL https://linkinghub.elsevier.com/retrieve/pii/S1355219808000580

Marinello, G. E., Clowes, R. G., Campusano, L. E., Williger, G. M., Söchting, I. K., &
Graham, M. J. (2016). Compatibility of the large quasar groups with the concordance
cosmological model. Monthly Notices of the Royal Astronomical Society, 461(3), 2267–
2281.
URL https://doi.org/10.1093/mnras/stw1513

74

https://www.cambridge.org/core/books/criticism-and-the-growth-of-knowledge/falsification-and-the-methodology-of-scientific-research-programmes/B1AAD974814D6E7BF35E6449691AA58F
https://www.cambridge.org/core/books/criticism-and-the-growth-of-knowledge/falsification-and-the-methodology-of-scientific-research-programmes/B1AAD974814D6E7BF35E6449691AA58F
https://www.cambridge.org/core/books/criticism-and-the-growth-of-knowledge/falsification-and-the-methodology-of-scientific-research-programmes/B1AAD974814D6E7BF35E6449691AA58F
https://ui.adsabs.harvard.edu/abs/1927ASSB...47...49L
https://ui.adsabs.harvard.edu/abs/1933ASSB...53...51L
https://doi.org/10.1093/oxfordhb/9780198817666.013.6
https://royalsocietypublishing.org/doi/full/10.1098/rsta.2011.0289
https://royalsocietypublishing.org/doi/full/10.1098/rsta.2011.0289
https://link.aps.org/doi/10.1103/PhysRevD.51.1525
https://linkinghub.elsevier.com/retrieve/pii/S1355219808000580
https://doi.org/10.1093/mnras/stw1513


Martens, N. C. M. (2021). Dark Matter Realism. Foundations of Physics, 52(1), 16.
URL https://doi.org/10.1007/s10701-021-00524-y

Martens, N. C. M., & King, M. (2023). Doing More with Less: Dark Matter & Modified
Gravity. In N. Mills Boyd, S. De Baerdemaeker, K. Heng, & V. Matarese (Eds.) Philo-
sophy of Astrophysics: Stars, Simulations, and the Struggle to Determine What is Out
There, (pp. 91–107). Cham: Springer International Publishing.
URL https://doi.org/10.1007/978-3-031-26618-8_6

Massimi, M. (2018). Three problems about multi-scale modelling in cosmology. Studies in
History and Philosophy of Science Part B: Studies in History and Philosophy of Modern
Physics, 64, 26–38.
URL https://www.sciencedirect.com/science/article/pii/

S1355219817301624

Merritt, D. (2017). Cosmology and convention. Studies in History and Philosophy of
Science Part B: Studies in History and Philosophy of Modern Physics, 57, 41–52.
URL https://linkinghub.elsevier.com/retrieve/pii/S1355219816301563

Milne, E. A. (1935). Relativity, Gravitation and World-structure. Oxford: Clarendon Press.

Mohayaee, R., Rameez, M., & Sarkar, S. (2024). Cosmological Inference from within the
Peculiar Local Universe. Universe, 10(5), 209.
URL https://www.mdpi.com/2218-1997/10/5/209

Nadathur, S. (2013). Seeing patterns in noise: gigaparsec-scale ’structures’ that do not
violate homogeneity. Monthly Notices of the Royal Astronomical Society, 434(1),
398–406.
URL http://academic.oup.com/mnras/article/434/1/398/997865/

Seeing-patterns-in-noise-gigaparsecscale

Niiniluoto, I. (2024). Scientific Progress. In E. N. Zalta, & U. Nodelman (Eds.) The
Stanford Encyclopedia of Philosophy (Spring 2024 Edition). Metaphysics Research Lab,
Stanford University.
URL https://plato.stanford.edu/archives/spr2024/entries/

scientific-progress/

Partridge, R. B. (2019). The cosmic microwave background: from discovery to precision
cosmology. In H. Kragh, & M. S. Longair (Eds.) The Oxford Handbook of the History of
Modern Cosmology, (pp. 292–345). Oxford University Press.
URL https://doi.org/10.1093/oxfordhb/9780198817666.013.8

Peebles, P. J. E. (1993). Principles of Physical Cosmology. Princeton: Princeton University
Press.

Peebles, P. J. E. (2020). Cosmology’s Century: An Inside History of Our Modern Under-
standing of the Universe. Princeton: Princeton University Press.

75

https://doi.org/10.1007/s10701-021-00524-y
https://doi.org/10.1007/978-3-031-26618-8_6
https://www.sciencedirect.com/science/article/pii/S1355219817301624
https://www.sciencedirect.com/science/article/pii/S1355219817301624
https://linkinghub.elsevier.com/retrieve/pii/S1355219816301563
https://www.mdpi.com/2218-1997/10/5/209
http://academic.oup.com/mnras/article/434/1/398/997865/Seeing-patterns-in-noise-gigaparsecscale
http://academic.oup.com/mnras/article/434/1/398/997865/Seeing-patterns-in-noise-gigaparsecscale
https://plato.stanford.edu/archives/spr2024/entries/scientific-progress/
https://plato.stanford.edu/archives/spr2024/entries/scientific-progress/
https://doi.org/10.1093/oxfordhb/9780198817666.013.8


Planck Collaboration I (2020). Planck 2018 results. I. Overview and the cosmological
legacy of Planck. Astronomy & Astrophysics, 641, A1.
URL https://www.aanda.org/articles/aa/full_html/2020/09/

aa33880-18/aa33880-18.html

Planck Collaboration II (2020). Planck 2018 results. II. Low Frequency Instrument data
processing. Astronomy & Astrophysics, 641, A2.
URL https://www.aanda.org/articles/aa/full_html/2020/09/

aa33293-18/aa33293-18.html

Planck Collaboration III (2020). Planck 2018 results. III. High Frequency Instrument data
processing and frequency maps. Astronomy & Astrophysics, 641, A3.
URL https://www.aanda.org/articles/aa/full_html/2020/09/

aa32909-18/aa32909-18.html

Planck Collaboration IV (2014). Planck 2013 results. IV. Low Frequency Instrument
beams and window functions. Astronomy & Astrophysics, 571, A4.
URL https://www.aanda.org/articles/aa/abs/2014/11/aa21544-13/

aa21544-13.html

Planck Collaboration IV (2020). Planck 2018 results. IV. Diffuse component separation.
Astronomy & Astrophysics, 641, A4.
URL https://www.aanda.org/articles/aa/full_html/2020/09/

aa33881-18/aa33881-18.html

Planck Collaboration IX (2016). Planck 2015 results. IX. Diffuse component separation:
CMB maps. Astronomy & Astrophysics, 594, A9.
URL https://www.aanda.org/articles/aa/full_html/2016/10/

aa25936-15/aa25936-15.html

Planck Collaboration V (2014). Planck 2013 results. V. LFI calibration. Astronomy &
Astrophysics, 571, A5.
URL https://www.aanda.org/articles/aa/abs/2014/11/aa21527-13/

aa21527-13.html

Planck Collaboration VI (2020). Planck 2018 results. VI. Cosmological parameters.
Astronomy & Astrophysics, 641, A6.
URL https://www.aanda.org/articles/aa/full_html/2020/09/

aa33910-18/aa33910-18.html

Planck Collaboration VII (2020). Planck 2018 results. VII. Isotropy and Statistics of the
CMB. Astronomy & Astrophysics, 641, A7.
URL https://www.aanda.org/articles/aa/full_html/2020/09/

aa35201-19/aa35201-19.html

Planck Collaboration XII (2014). Planck 2013 results. XII. Diffuse component separation.
Astronomy & Astrophysics, 571, A12.

76

https://www.aanda.org/articles/aa/full_html/2020/09/aa33880-18/aa33880-18.html
https://www.aanda.org/articles/aa/full_html/2020/09/aa33880-18/aa33880-18.html
https://www.aanda.org/articles/aa/full_html/2020/09/aa33293-18/aa33293-18.html
https://www.aanda.org/articles/aa/full_html/2020/09/aa33293-18/aa33293-18.html
https://www.aanda.org/articles/aa/full_html/2020/09/aa32909-18/aa32909-18.html
https://www.aanda.org/articles/aa/full_html/2020/09/aa32909-18/aa32909-18.html
https://www.aanda.org/articles/aa/abs/2014/11/aa21544-13/aa21544-13.html
https://www.aanda.org/articles/aa/abs/2014/11/aa21544-13/aa21544-13.html
https://www.aanda.org/articles/aa/full_html/2020/09/aa33881-18/aa33881-18.html
https://www.aanda.org/articles/aa/full_html/2020/09/aa33881-18/aa33881-18.html
https://www.aanda.org/articles/aa/full_html/2016/10/aa25936-15/aa25936-15.html
https://www.aanda.org/articles/aa/full_html/2016/10/aa25936-15/aa25936-15.html
https://www.aanda.org/articles/aa/abs/2014/11/aa21527-13/aa21527-13.html
https://www.aanda.org/articles/aa/abs/2014/11/aa21527-13/aa21527-13.html
https://www.aanda.org/articles/aa/full_html/2020/09/aa33910-18/aa33910-18.html
https://www.aanda.org/articles/aa/full_html/2020/09/aa33910-18/aa33910-18.html
https://www.aanda.org/articles/aa/full_html/2020/09/aa35201-19/aa35201-19.html
https://www.aanda.org/articles/aa/full_html/2020/09/aa35201-19/aa35201-19.html


URL https://www.aanda.org/articles/aa/abs/2014/11/aa21580-13/

aa21580-13.html

Planck Collaboration XII (2016). Planck 2015 results. XII. Full Focal Plane simulations.
Astronomy & Astrophysics, 594, A12.
URL https://www.aanda.org/articles/aa/full_html/2016/10/

aa27103-15/aa27103-15.html

Planck Collaboration XVI (2016). Planck 2015 results. XVI. Isotropy and statistics of the
CMB. Astronomy & Astrophysics, 594, A16.
URL https://www.aanda.org/articles/aa/abs/2016/10/aa26681-15/

aa26681-15.html

Popper, K. R. (1959). The logic of scientific discovery. London: Hutchinson & Co.

Quine, W. V. (1951). Main Trends in Recent Philosophy: Two Dogmas of Empiricism. The
Philosophical Review, 60(1), 20–43.
URL https://www.jstor.org/stable/2181906

Räsänen, S. (2009). Relation between the isotropy of the CMB and the geometry of the
universe. Physical Review D, 79(12), 123522.
URL https://link.aps.org/doi/10.1103/PhysRevD.79.123522

Realdi, M. (2019). Relativistic models and the expanding universe. In H. Kragh, & M. S.
Longair (Eds.) The Oxford Handbook of the History of Modern Cosmology, (pp. 76–119).
Oxford University Press.
URL https://doi.org/10.1093/oxfordhb/9780198817666.013.3

Robertson, H. P. (1929). On the Foundations of Relativistic Cosmology. Proceedings of
the National Academy of Science, 15, 822–829.
URL https://ui.adsabs.harvard.edu/abs/1929PNAS...15..822R

Roush, S. (2003). Copernicus, Kant, and the anthropic cosmological principles. Studies in
History and Philosophy of Science Part B: Studies in History and Philosophy of Modern
Physics, 34(1), 5–35.
URL https://www.sciencedirect.com/science/article/pii/

S1355219802000291

Ryan, P. J. (2024). Cosmic topology, underdetermination, and spatial infinity. European
Journal for Philosophy of Science, 14(2), 17.
URL https://doi.org/10.1007/s13194-024-00576-7

Sarkar, P., Yadav, J., Pandey, B., & Bharadwaj, S. (2009). The scale of homogeneity of the
galaxy distribution in SDSS DR6. Monthly Notices of the Royal Astronomical Society:
Letters, 399(1), L128–L131.
URL https://doi.org/10.1111/j.1745-3933.2009.00738.x

Secrest, N. J., Hausegger, S. v., Rameez, M., Mohayaee, R., & Sarkar, S. (2022). A
Challenge to the Standard Cosmological Model. The Astrophysical Journal Letters,

77

https://www.aanda.org/articles/aa/abs/2014/11/aa21580-13/aa21580-13.html
https://www.aanda.org/articles/aa/abs/2014/11/aa21580-13/aa21580-13.html
https://www.aanda.org/articles/aa/full_html/2016/10/aa27103-15/aa27103-15.html
https://www.aanda.org/articles/aa/full_html/2016/10/aa27103-15/aa27103-15.html
https://www.aanda.org/articles/aa/abs/2016/10/aa26681-15/aa26681-15.html
https://www.aanda.org/articles/aa/abs/2016/10/aa26681-15/aa26681-15.html
https://www.jstor.org/stable/2181906
https://link.aps.org/doi/10.1103/PhysRevD.79.123522
https://doi.org/10.1093/oxfordhb/9780198817666.013.3
https://ui.adsabs.harvard.edu/abs/1929PNAS...15..822R
https://www.sciencedirect.com/science/article/pii/S1355219802000291
https://www.sciencedirect.com/science/article/pii/S1355219802000291
https://doi.org/10.1007/s13194-024-00576-7
https://doi.org/10.1111/j.1745-3933.2009.00738.x


937(2), L31.
URL https://dx.doi.org/10.3847/2041-8213/ac88c0

Secrest, N. J., Hausegger, S. v., Rameez, M., Mohayaee, R., Sarkar, S., & Colin, J. (2021).
A Test of the Cosmological Principle with Quasars. The Astrophysical Journal Letters,
908(2), L51.
URL https://dx.doi.org/10.3847/2041-8213/abdd40

Singal, A. K. (2019). Large disparity in cosmic reference frames determined from the sky
distributions of radio sources and the microwave background radiation. Physical Review
D, 100(6), 063501.
URL https://link.aps.org/doi/10.1103/PhysRevD.100.063501

Smeenk, C. (2020). Some Reflections on the Structure of Cosmological Knowledge. Studies
in History and Philosophy of Science Part B: Studies in History and Philosophy of Modern
Physics, 71, 220–231.

Smeenk, C., & Ellis, G. (2017). Philosophy of Cosmology. In E. N. Zalta (Ed.) The Stanford
Encyclopedia of Philosophy (Winter 2017 Edition). Metaphysics Research Lab, Stanford
University.
URL https://plato.stanford.edu/archives/win2017/entries/cosmology/

Smeenk, C., & Gallagher, S. C. (2020). Validating the Universe in a Box. Philosophy of
Science, 87(5), 1221–1233.

Stegenga, J. (2009). Robustness, Discordance, and Relevance. Philosophy of Science,
76(5), 650–661.
URL https://www.cambridge.org/core/journals/philosophy-of-science/
article/abs/robustness-discordance-and-relevance/

EFFA0A1FEA180DDF93D01C1CE061E0D2

Stein, H. (1995). Some reflections on the structure of our knowledge in physics. In
D. Prawitz, B. Skyrms, & D. Westerståhl (Eds.) Logic, Methodology and Philosophy
of Science IX, Studies in Logic and the Foundations of Mathematics, (pp. 633–655).
Elsevier.
URL https://www.sciencedirect.com/science/article/pii/

S0049237X06800674

Stoeger, W. R., Maartens, R., & Ellis, G. F. R. (1995). Proving Almost-Homogeneity of the
Universe: an Almost Ehlers-Geren-Sachs Theorem. The Astrophysical Journal, 443, 1.
URL https://ui.adsabs.harvard.edu/abs/1995ApJ...443....1S

Sunyaev, R. A., & Zeldovich, I. B. (1980). Microwave background radiation as a probe of
the contemporary structure and history of the universe. Annual Review of Astronomy and
Astrophysics, 18, 537–560.
URL https://ui.adsabs.harvard.edu/abs/1980ARA&A..18..537S

78

https://dx.doi.org/10.3847/2041-8213/ac88c0
https://dx.doi.org/10.3847/2041-8213/abdd40
https://link.aps.org/doi/10.1103/PhysRevD.100.063501
https://plato.stanford.edu/archives/win2017/entries/cosmology/
https://www.cambridge.org/core/journals/philosophy-of-science/article/abs/robustness-discordance-and-relevance/EFFA0A1FEA180DDF93D01C1CE061E0D2
https://www.cambridge.org/core/journals/philosophy-of-science/article/abs/robustness-discordance-and-relevance/EFFA0A1FEA180DDF93D01C1CE061E0D2
https://www.cambridge.org/core/journals/philosophy-of-science/article/abs/robustness-discordance-and-relevance/EFFA0A1FEA180DDF93D01C1CE061E0D2
https://www.sciencedirect.com/science/article/pii/S0049237X06800674
https://www.sciencedirect.com/science/article/pii/S0049237X06800674
https://ui.adsabs.harvard.edu/abs/1995ApJ...443....1S
https://ui.adsabs.harvard.edu/abs/1980ARA&A..18..537S


Sunyaev, R. A., & Zeldovich, Y. B. (1972). The Observations of Relic Radiation as a Test of
the Nature of X-Ray Radiation from the Clusters of Galaxies. Comments on Astrophysics
and Space Physics, 4, 173.
URL https://ui.adsabs.harvard.edu/abs/1972CoASP...4..173S

Tolman, R. C. (1934). Effect of Inhomogeneity on Cosmological Models. Proceedings of
the National Academy of Sciences of the United States of America, 20(3), 169–176.
URL https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1076370/

Torretti, R. (2000). Spacetime Models for the World. Studies in History and Philosophy of
Science Part B: Studies in History and Philosophy of Modern Physics, 31(2), 171–186.
URL https://www.sciencedirect.com/science/article/pii/

S1355219899000362

Tucker, A. (2004). Our Knowledge of the Past: A Philosophy of Historiography.
Cambridge: Cambridge University Press.
URL https://www.cambridge.org/core/books/

our-knowledge-of-the-past/ADBB7892F410FD9DE22BE3F52378B99D

Urani, J., & Gale, G. (1993). E.A. Milne and the Origins of Modern Cosmology: An
Essential Presence. In J. Earman, M. Janssen, & J. D. Norton (Eds.) The Attraction of
gravitation: new studies in the history of general relativity, Einstein studies. Boston:
Birkähuser.

Uzan, J.-P., Clarkson, C., & Ellis, G. F. R. (2008). Time Drift of Cosmological Redshifts
as a Test of the Copernican Principle. Physical Review Letters, 100(19), 191303.
URL https://link.aps.org/doi/10.1103/PhysRevLett.100.191303

Walker, A. G. (1935). On the Formal Comparison of Milne’s Kinematical System with
the Systems of General Relativity. Monthly Notices of the Royal Astronomical Society,
95(3), 263–269.
URL https://doi.org/10.1093/mnras/95.3.263

Weisberg, M. (2006). Robustness Analysis. Philosophy of Science, 73(5), 730–742.

Yao, S. (2023). Excavation in the Sky: Historical Inference in Astronomy. Philosophy of
Science, 90(5), 1385–1395.
URL https://www.cambridge.org/core/journals/philosophy-of-science/
article/excavation-in-the-sky-historical-inference-in-astronomy/

42C875A0394B1CE584F6ABD9266C4730

Zhang, P., & Stebbins, A. (2011). Confirmation of the Copernican principle through the
anisotropic kinetic Sunyaev Zel’dovich effect. Philosophical Transactions of the Royal
Society A: Mathematical, Physical and Engineering Sciences, 369(1957), 5138–5145.
URL https://royalsocietypublishing.org/doi/full/10.1098/rsta.2011.
0294

79

https://ui.adsabs.harvard.edu/abs/1972CoASP...4..173S
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1076370/
https://www.sciencedirect.com/science/article/pii/S1355219899000362
https://www.sciencedirect.com/science/article/pii/S1355219899000362
https://www.cambridge.org/core/books/our-knowledge-of-the-past/ADBB7892F410FD9DE22BE3F52378B99D
https://www.cambridge.org/core/books/our-knowledge-of-the-past/ADBB7892F410FD9DE22BE3F52378B99D
https://link.aps.org/doi/10.1103/PhysRevLett.100.191303
https://doi.org/10.1093/mnras/95.3.263
https://www.cambridge.org/core/journals/philosophy-of-science/article/excavation-in-the-sky-historical-inference-in-astronomy/42C875A0394B1CE584F6ABD9266C4730
https://www.cambridge.org/core/journals/philosophy-of-science/article/excavation-in-the-sky-historical-inference-in-astronomy/42C875A0394B1CE584F6ABD9266C4730
https://www.cambridge.org/core/journals/philosophy-of-science/article/excavation-in-the-sky-historical-inference-in-astronomy/42C875A0394B1CE584F6ABD9266C4730
https://royalsocietypublishing.org/doi/full/10.1098/rsta.2011.0294
https://royalsocietypublishing.org/doi/full/10.1098/rsta.2011.0294

	List of Figures
	Introduction
	The Cosmological Principle
	Definitions and History
	The Physics of the Cosmological Principle
	Issues with Justifying the Cosmological Principle
	The Copernican Principle

	The Cosmic Microwave Background and the Cosmological Principle
	The Cosmic Microwave Background
	The (An)Isotropy of the Cosmic Microwave Background
	Decomposing the Cosmic Microwave Background
	Assumptions and the Power Spectrum

	Isotropy Tests from the Planck Mission
	Cosmic Microwave Background Radiation Detection and Data Analysis
	The Dipole
	Simulations
	Isotropy Tests

	The Cosmic Microwave Background as a Justification for the Cosmological Principle
	Tests of Homogeneity using the Cosmic Microwave Background

	Knowledge in Cosmology and its Limits
	Averaging and Fitting in General Relativity
	Averaging
	Fitting

	Observations in the Real Universe
	The Methodology and Aims of Cosmology
	Modelling in Cosmology
	Cosmology Among the Historical Sciences

	Making Progress in Cosmology
	How Do We Make Progress?
	Cosmology and Progress
	How Do We Escape the Circularities?
	The Physical Status of the Cosmological Principle and the Cosmological Models


	Conclusion
	Bibliography

